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CHAPTER 1 
INTRODUCTION 

INTRODUCTION 
The vertebrate eye lens is a perfectly transparent tissue, with the 
refractive ability to focus the incident light on the retina. Located in the 
eye between the aqueous humour and the vitreous body this avascular structure 
gets its nutrients and oxygen from the surrounding fluids. The lens is almost 
completely composed of a single cell type, the lens fibre, which arises from 
a monolayer of epithelial cells, located at the anterior side of the lens. 
These epithelial cells divide and start to differentiate into the ribbon-like 
fibres by elongation in the germinative zone, near the lens equator. In the 
later stages of differentiation most of the cell organelles, including 
nuclei, are broken down, presumably to reduce light scattering within the 
lens. Throughout the whole life span newly formed fibres are arranged at the 
lens periphery, the cortex. This results in the onion-like structure of the 
lens with concentric layers of long fibres around a central part, the 
nucleus. Since the lens never sheds its cells this central part is composed 
of fibres formed during the embryonic and juvenile stages. 
Protein synthesis in the lens is essentially restricted to the outermost 
layers of fibres and the epithelial cells. Additionally, turnover of proteins 
is very slow in the lens and together with the unique growth pattern this 
results in a gradient from newly synthesized proteins in the outer cortex to 
extremely aged proteins in the deepest nucleus. Thus, the cellular, 
subcellular and molecular history of the eye lens is preserved in the adult 
tissue, and therefore the eye lens offers an attractive model to study ageing 
phenomena (for reviews: 1-4). 
LENS PROTEINS 
The protein content of the vertebrate lens is extremely high, 
concentrations ranging from 20 to 501 of the wet weight are found (5). In 
addition to the normal array of house-keeping enzymes, cytoskeletal proteins 
and membrane proteins up to 90% of the lens proteins are made up by a small 
number of different polypeptides, called crystallins. Based on several 
criteria the mammalian crystallins can be divided into three major classes, 
the α-, β- and Y-crystallins. The former two classes occur in all vertebrate 
groups, but Y-crystallins were considered not to be present in birds. 
However, the complete absence of Y-crystallins in this vertebrate class needs 
now to be reconsidered, because B
s
-crystallin, which occurs, among others, in 
pigeons (6), has recently been shown to have a typically Y-like gene 
structure (7). 
Bovine a-crystallin is an aggregate, composed of two types of primary gene 
products, aA and aB, and a variety of posttranslational modifications 
thereof. aA and aB are 173 and 175 amino acid residues in length, 
respectively, and they show approximately 57% sequence homology. In some 
rodents and other vertebrates an additional primary gene product is found in 
α-crystallin aggregates (8), i.e. aA i n s, which is the result of an 
alternative splicing phenomenon (9. 10). a-Crystallin shows an intriguing 
sequence homology with the small heat shock proteins (11, 12) and with the 
Schistosome egg antigen p40 (15). 
The (5-crystallin class comprises the most heterogeneous population of 
crystallins. Their subunit size ranges from 20 to 33 kDa and they can form 
oligomers, ranging from dimers and trimers (BL) to octamers (0н)· Based on 
their isoelectric point and the presence of N and/or C-terminal extensions 
they can be divided into two groups, the acidic, ßA-, and the basic, ßB-
crystallins (14, 15). 
Y-Crystallins are exclusively monomeric, about 21 kDa in size. They are 
predominantly synthesized in the embryonic and neonatal stages of life. A 
combination of protein sequence and X-ray crystallographic data has shown 
that 0- and Y-crystallins are structurally related, together forming the ßY-
superfamily (16, 17). The most obvious difference between these two 
crystallin classes is the presence of N- and/or C-terminal extensions in the 
(J-crystallins, which are probably involved in their aggregation behaviour 
(18). There is evidence for a structural similarity between the 0Y-crystal-
lins and a Ca2+-binding bacterial spore surface coat protein (19). 
Apart from these three major crystallin classes, several other abundant 
water-soluble proteins exist in lenses of various vertebrate taxa. The 
finding that these taxon-specific "crystallins" are closely related or even 
identical to normal metabolic enzymes is one of the most startling recent 
observations in lens research. It first became apparent in the case of duck 
ε-crystallin, which is identical to lactate dehydrogenase-B4 (20, 21), and 
now 6-, p- and τ-crystallin have been found to be related or identical to the 
enzymes argininosuccinate lyase (22, 23), aldose and aldehyde reductase and 
prostaglandin F-synthase (24-26), and a-enolase (27), respectively. Although 
it was at first believed that the recruitment of enzymes as lens proteins was 
restricted to non-manraalian species, this was disposed by the finding that λ-
crystallin of rabbit lenses and ζ-crystallin of guinea pig show homology with 
hydroxyacyl coA dehydrogenase (28) and alcohol dehydrogenase (29). 
With these findings, the lens-specificity and strictly structural 
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character of all crystallins have been questioned. In this respect it should 
be mentioned that aB-crystallin, rather thought to be a lens-specific 
protein, occurs in several other tissues, like heart and brain (30, 31)· An 
increase of this protein is observed in the latter tissue after scrapie 
infection (32) and in Alexanders disease (33). Furthermore, one of the Y-
crystallins may be involved in redox reactions (34). 
PROTEIN STABILITY 
Because of their longevity lens proteins are subject to a diversity of 
posttranslational modifications, which can affect protein structure and 
stability and may ultimately result in opacification of the eye lens and 
development of cataract. Therefore special requirements for lens protein 
stability are needed to maintain lens transparency. 
A lot of recent Investigations have dealt with the general problem of 
protein stability and turnover (for recent reviews: 35-40), greatly 
stimulated by the needs of "knowledge-based" protein engineering and for 
fundamental insight in the processes of molecular ageing. The turnover rates 
of eukaryotic intracellular proteins vary widely and are to a certain extent 
determined by properties of the protein structures themselves (36-39). 
However, the intracellular environment must be equally important in 
determining the actual half-life of a protein, because the same protein can 
have considerably different half-lives in different organs. This importance 
of the environment was confirmed by a recent study of Rogers and Rechstelner 
(41-43). They found a complete lack of correlation between protein stability 
and the structural parameters measured. Only the content of asparagine and 
glutamine residues gave a weak inverse correlation with protein stability, 
probably due to the liability of these residues to deamidation (44). From 
this study it can be concluded that degradation of a protein is not related 
to any single structural parameter, but that the stability of proteins 
results from complex interactions between structural parameters and 
degradative pathways. 
Among the structural parameters of proteins that are proposed to influence 
rates of turnover are global features like size, charge, hydrophobicity, 
thermal stability, flexibility and proteolytic susceptibility. As sequence-
specific parameters which promote turnover, have been mentioned: the presence 
of labile asparagines, unblocked α-amino terminus and type of N-terminal 
residue, oxidized Met, Cys or His residues, PEST-regions (rich in Pro, Glu, 
Ser and Thr) or sequences similar to Lys-Phe-Glu-Arg-Gln (KFERQ)(38, 39). 
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Extrinsic factors, present in the intracellular environment, which are 
known to affect intracellular protein half-lives, are the binding of ligands, 
complex formation with other proteins, and the location and diffusability of 
a protein in the cell. Obviously, the presence and extent of the various 
protein catabolic machineries in different cell types can also be expected to 
modulate protein turnover. The major pathways of intracellular protein 
degradation are: lysosomal proteolysis (mainly for membrane proteins and 
certain long-lived cytosolic proteins), proteolysis by Ca2+-activated and 
neutral cytosolic proteases, and ubiquitin-dependent proteolysis (36, 38, 45-
48). Furthermore, the enzymatic branding or targetting of proteins as a 
starting signal for breakdown may also vary in different cell types. Finally, 
the levels of detrimental factors known to affect protein structure, like 
radicals (49), glucose (50) or cyanate (51), as well as physical insults 
(light and UV-damage, temperature) will be important. 
With respect to the vertebrate eye lens, the presence of several different 
proteases (52-57) as well as the presence of ubiquitin (58) have been 
demonstrated. Also many papers have been devoted to the effects of several 
insults on lens proteins, and some of the recent ones will be discussed in 
the next paragraph. 
As the proteins of the vertebrate eye lens are known to be rather long-
living, srane intrinsic features of these proteins are noteworthy in this 
respect. One of them, probably correlated with lens transparency, is heat 
stability. Both a- and 8B2 (=0Bp)-crystallin are known to be very stable upon 
heating (59, 60). The implication that heat stability is correlated with lens 
transparency came from a recent study of Nakamura et al. (61), in which they 
identified an altered 3B2-crystallin in the lens of the Phllly mouse. In this 
heriditary cataract, 0B2 not only lacks a part of the C-terminal half of 
normal (5B2, but also the property of heat stability. The authors suggest that 
the loss of heat-stable (ІВ2 affects the interactions of the proteins within 
the lens, and forms the basis of the cataract development in Philly mouse. 
From the studies of Rogers and Rechsteiner (41-43) it can be concluded 
that deamidation might be a rather serious candidate for destabilization of a 
protein. In vitro deamidation of proteins has been studied extensively (44, 
62, 63) and the occurrence of in vivo deamidated proteins is described (64). 
Not only the presence of Asn/Gln residues is important, also a specific 
conformation of the protein around this residue is required to obtain 
succinimide ring formation, which ultimately leads to deamidation (65, 66). 
Although the amount of Asn residues is as low as 1.2% in bovine and chicken 
oA-crystallin, deamldatlon still has been observed in lenses of both species 
with ageing (67, 68). A similar mechanism, i.e. succinimide ring formation, 
has been proposed to give rise to cleavage of the polypeptide at the Asn 
residue (62), and again this phenomenon was identified in aged bovine oA-
crystallin (68). 
From these results it is not clear whether crystallins have special 
features, which make them very suitable as long-living lens proteins. With 
the recent finding that normal metabolic enzymes are present in abundant 
amounts in eye lenses of several species, but absent in lenses of related 
species, it is possible to investigate lens protein stability and turnover by 
comparing various parameters of eye lens "crystallins1' with those of 
homologous enzymes in different species or organs. By this means it should be 
possible to identify the protein-specific and organ-specific contributions to 
lens protein stability. 
POSTTRANSLATIONAL HDOIFICATIONS AND AGEING OF EYE LENS PROTEINS 
After their synthesis proteins can be modified in several different ways. 
Enzyme-controlled posttranslational modifications of proteins, especially 
enzymes, have been demonstrated in many tissues and organisms, and can be 
very important in the control of metabolism. Over the years evidence has also 
accumulated for non-enzymatic modifications of proteins in vivo (51). Many of 
the latter modifications are thought to be deleterious, although a functional 
role for some of them has been demonstrated (51). Both kinds of 
posttranslational modifications of proteins do occur in the vertebrate eye 
lens. Actually, most ageing and cataract studies on the eye lens have focused 
on the posttranslational modifications and conformational changes of the 
crystallins. These modifications of crystallins include oxidation, 
deamldatlon, phosphorylation, racemization of aspartic acid residues, chain 
cleavage, glycation, carbamylation and disulfide and non-disulfide 
crosslinklng (for reviews 69-73). Many of these modifications lead to changes 
in charge, size and solubility of the crystallins, resulting in alterations 
in protein patterns on SDS, IEF and/or two dimensional gels (for example 74, 
75). Also conformational changes may be the result of these modifications, 
and for years the occurrence of conformational changes of crystallins with 
ageing and cataractogenesis have been established in a variety of vertebrate 
species (reviews 3, 70) and evidence for this is still accumulating (76-82). 
Various enzymes, including proteases, oxido-reductases, and glycolytic 
enzymes such as LDH and enolase, also show marked age-related changes in the 
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lens as evidenced by changes in heat stability and accumulation of inactive 
forms (3, 83-90). 
Not only these water-soluble proteins show posttranslational modifications 
also the water-insoluble proteins of the lens have been studied in this 
respect. Vimentin, an intermediate filament protein, has previously been 
shown to be phosphorylated in bovine and chicken lenses (91-93). The major 
component of the membrane-associated EDTA-extractable proteins (EEP's), 
recently identified as calpactin I (94), contains phosphotyrosine, but can 
also be phosphorylated on serine. Furthermore, proteolytic cleavage of this 
protein can occur at the N-terminal side (95). 
MIP26, the major intrinsic lens membrane protein (MIP), undergoes N- and 
C-terminal degradation during the normal ageing process of the lens, 
resulting in proteins with molecular weights of 22 (MP22) (96, 97), 20 and 15 
kDa (98). It has often been suggested that cataractogenesis starts with the 
modification and disruption of the lens fibre membranes. In this respect it 
is noteworthy that irradiation of lens membranes results in an apparent 
polymerization of MIP26 (99). Furthermore, with inmunoblotting techniques it 
was demonstrated that covalent changes occur in the MIP26 molecule during the 
opacification process of the Emory mouse lens (a cataract-prone mouse 
strainMlOO) and human cataractogenesis (101, 102). The phosphorylation of 
MIP26, which can be mediated by cAMP-dependent protein kinase as well as by 
protein kinase С (91, 103-107) was thought to influence the cell to cell 
coDmunication within the lens, as MIP26 appeared to be a component of the 
lens gap junctions (108). However, the functional role of MIP26 as a specific 
gap junction protein is questionable by the observations of several 
investigators that MIP26 is also located in non-junctional regions by 
immunolocalization with polyclonal antisera (109-111). Recently, Kistler and 
colleagues discovered a lens membrane protein of 70 kDa (MP70), which is a 
very good candidate for a lens gap junction protein. This protein is 
localized exclusively in the 16-17 nm lens fibre junctions (112, 113) and the 
N-terminal sequence of MP70 shows a striking similarity with the liver gap 
junction proteins of 21 and 28 kDa and the 47 kDa heart gap junction protein 
(114), indicating that these proteins, although derived from all three 
embryonic layers, belong to the same family of gap junction proteins. MP70 
shows an age-related cleavage at the С terminus of the protein, resulting in 
a 38 kDa protein (MP38) in the inner parts of the lens (111, 115). 
Although modifications of the lens water-insoluble proteins have been 
studied by several groups, numerous investigations have been focused on the 
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modifications of the abundant lens proteins, the crystallins. With respect to 
these studies a distinction can be made between research focused on 
posttranslational modifications of crystallins that are found to occur in 
vivo in the eye lens, and investigations directed towards modifications of 
crystallins, which occur in vitro as a result of some defined alteration(s) 
of the in vitro conditions. With the latter kind of experiments it is 
possible to determine the effects of different agents to which the lens 
proteins are subjected. In the next sections I will discuss some interesting 
recent findings of both groups. Although many different kinds of 
modifications have been established for crystallins, I will confine myself to 
degradation, glycation, carbamylation and modifications due to oxidative 
conditions. For more information about the transglutaminase-mediated 
crosslinking of 0-crystallins and the phosphorylation and deamidation of a-
crystallin we refer to de Jong et al. (73), and for racemization of lens 
proteins to van den Oetelaar and Hoenders (116, 117). 
Degradation 
In vivo degradation of crystallins occurs in the vertebrate eye lens with 
ageing. Van Kleef et al. (118, 119) determined that in a-crystallin 
degradation products are present of both aA and aB. Although these 
degradation products are already present in embryonic bovine lenses, they are 
considered to be ageing products of normal a-crystallin subunits, as a result 
of C-terminal cleavages. These cleavages, resulting in the polypeptides ctA^-
1 6 9 , a A 1 " 1 6 8 , а А 1 - 1 ^ , аДІ-ЮІ
 an
<j оВІ-170,
 w e r e
 thought to be of non-
enzymatic origin and recently we established the mechanism of cleavage, 
giving rise to aA 1 - 1 0^, i.e. succinimide ring formation (68). The cleavage in 
aA at Asp-151 might be generated in the same way, since Asp can form 
succinimide rings as well (66). Whether the cleavages at Ser-168 and -169 are 
brought about in a similar way is not known yet. The degradation product аВ 1 -
170 could be due to cleavage by the Ca2+-dependent proteinase, calpain, which 
has been shown to be present in bovine lenses (120) and to give in vitro 
cleavage of otB between Thr-170 and Ala-171 (121). 
Not only degradation of a-crystallin was shown to occur, №lb-crystallin 
is derived in vivo fron the primary gene product 0B1a by removal of a short 
N-terminal sequence (122). Furthermore, with the aid of polyclonal antisera 
specific for N- and C-terminal sequences of a protein it was possible to 
detect changes in these terminal regions of both 3B2 and YB with ageing of 
the human lens (123, 124). The results indicate that in human lens ßB2, with 
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a molecular weight of 26 kDa, undergoes N-terminal cleavage to a 22-23 kDa 
form, which still retains its heat-stability (123, 125). As for the YB 
polypeptide both the N- and C-terminal ends are modified to some extent, 
although the type of modification could not be determined (124). Furthermore, 
in human cataractous lenses a 10 kDa protein is found, which specifically 
binds to antisera against human Y-crystallin (126), suggesting that 
degradation of Y-crystallins indeed occurs in the human lens and perhaps 
plays a role in the development of cataract. 
Glycation 
The process of non-enzymatic binding of a monosaccharide to the ε-
aminogroups of lysines or the amino terminus of a protein is called glycation 
(formerly non-enzymatic glycosylation). This reaction results in a Schiff­
base intermediate which undergoes an Amadori rearrangement to form a stable 
ketoamine structure (51). As this posttranslational modification depends on 
sugar concentrations and protein half-life, it may have considerable effects 
on lens proteins in diabetic patients. Moreover, diabetes is an established 
cataract risk factor (127). Although the reaction of lens proteins with 
glucose has been widely studied (4, 128-131), the effects of other 
monosaccharides, like glucose-6-phosphate and galactose, on lens proteins are 
under current investigation, as these sugars might react more rapidly than 
glucose (51). Recently, McPherson et al. (132) established the in vivo 
presence of lens proteins which had reacted with fructose. 
In all studies glycation of lens proteins leads to conformational changes, 
which may affect protein-protein interactions and induce the formation of 
high molecular weight aggregates, as has been found in streptozotocine-
induced diabetic rats (133). These modifications could impair lens 
transparency and therefore glycation may play a role in cataract development. 
This non-enzymatic glycosylation reaction of lens proteins can be inhibited 
in vitro by several compounds, like aspirin and 5-hydroxybendazac (134-136). 
Although these compounds may bind to the lens proteins as well (136, 137), 
the basis of this inhibition appears to be not simply competition for 
identical binding sites, but rather be due to conformational changes, which 
mask the monosaccharide binding site (138). Another way in which aspirin and 
aspirin-substitutes can prevent cataract in the presence of high glucose 
concentrations, is by acting as an aldose reductase inhibitor (139). When 
glucose is present in high amounts, it can be converted to sorbitol by aldose 
reductase (140). This reaction seems to occur only in young lenses, whereas 
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in older ones the activity of aldose reductase is highly reduced (НИ). 
Sorbitol cannot easily penetrate cell membranes, and accumulation of sorbitol 
therefore causes osmotic changes in the lens that can lead to the formation 
of cataract. Aspirin and its substitutes can inhibit aldose reductase, 
thereby limiting the sorbitol pathway and the development of cataract. 
Whether these drugs can be used as an effective protection against cataract 
is not proven yet (142). 
Carbanylation 
Another Insult, which causes conformational changes of lens proteins, is 
cyanate. Levels of blood cyanate are elevated in cases of uraemia, and 
cataract has often been observed in uraemlc patients. Cyanate reacts, like 
the monosaccharides, mainly with the free amino groups of a protein, and this 
reaction is called carbamylation. Carbamylation of bovine a-crystallin causes 
conformational changes (143), as does glucose and glucose-6-phosphate (138), 
although the changes are different in nature. Furthermore, in contrast to 
glycation, carbamylation does not affect the conformation of bovine Y-
crystallin (138). This might be due to the differences in charge changes by 
carbamylation compared to glycation with glucose-6-phosphate (138). 
Incubation of mixed bovine lens crystallins with cyanate causes large 
aggregate formation, held together by disulfide bonds (144). As in glycation, 
carbamylation can be inhibited by aspirin, perhaps in a comparable way, i.e. 
by reaction of the acetylgroups from aspirin with protein amino groups 036» 
137), thereby masking the sites, prone to carbamylation (145). This 
acetylation by aspirin might be less damageing than glycation or 
carbamylation, because the N-acetylgroup can retain some positive charge and 
therefore the change in charge is less dramatic, as is the ultimate change in 
lens transparency (145). 
Oxidation 
Oxidative stress is one of the well substantiated hypotheses of cataract 
pathogenesis. Oxidative modifications of lens constituents have been found in 
the ageing and cataractous lens, including oxidation of protein cysteine and 
methionine residues, oxidation of glutathione, protein-protein and mixed 
disulfide bond formation (between protein and glutathione or cysteine), 
disulfide exchange, protein unfolding with sulfhydryl exposure, protein 
aggregation, protein insolublllzatlon, and loss of membrane transport 
function due to oxidation of membrane components (for reviews 128, 146-148). 
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These reactions can be caused by a variety of reactive oxygen species, like 
superoxide anion, hydroxylradical, hydrogen peroxide and singlet oxygen, 
which might be generated by the exposure to light in the presence of 
photosensitizers (149, 150). Tryptophan metabolites, like kynurenine and 
anthranilic acid, can act as photosensitizers and they can be produced in the 
lens with ageing (119). In normal young lenses the oxidative damage is 
retarded by a variety of protective enzymes, like dismutase and catalase, and 
antioxidant compounds, like glutathione, ascorbic acid and α-tocopherol (vit. 
E, for reviews 146-150). Furthermore, intracellular proteolysis of 
oxidatively damaged proteins and protein fragments might function as a 
secondary antioxidant defense system (37, 151, 152). This has recently led to 
the hypothesis that in the aged eye lens oxidative influences might lead to 
accumulation of damaged crystallins and the production of insoluble 
aggregates, while enzymatic activity is diminished and antioxidant capacities 
and proteolytic capabilities are decreased (153). 
The damage to crystallins generated by oxidative influences has been 
studied either on isolated crystallins or in lens culture, with several 
different ways of exposure to oxidative stress. Zigler et al. (154) have 
shown that hydrogen peroxide, generated in the surrounding medium, is much 
more toxic than hydroxyl radicals to lenses in organ culture, with respect to 
carrier-mediated transport systems. Hydrogen peroxide is indeed present in 
the human aqueous humour and, although at low levels in normal persons, 
concentrations exceeding 0.1 mM have been observed in a few cataractous 
patients (155). It is suggested that the lens glutathione redox cycle, which 
has been shown to respond to H2O2 exposure (128, 140, 156), might not be 
capable of detoxifying these high amounts of H2O2 (156). However, Spector et 
al. (157) reported that elevated intracellular GSH (=reduced glutathione) 
concentrations in epithelial cells do not increase the cells' overall ability 
to withstand oxidative stress. 
Another interesting point is the decrease of glutathione levels with age, 
observed in several vertebrate species (3). This suggests that an age-
dependent decrease of the glutathione redox cycle can play an important role 
in the increase of oxidative stress. In contrast, age-related changes of the 
enzyme activities involved in the glutathione synthesis and redox cycle, 
appear to occur in different ways throughout the animal kingdom (158-161). 
Although glutathione can act as an antioxidant in the lens, it can also form 
mixed disulfides with the thiol groups of crystallins under oxidative 
conditions, as observed in vitro and in vivo (162-167). Liang and Pelletier 
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(168, 169) have recently determined that the formation of mixed disulfides of 
a- and Y-crystallins with glutathione leads to a partial unfolding of the 
protein. This results in destabilization of the protein conformation as 
measured by a decrease in resistance to either dénaturants or proteolytic 
enzymes. These conformational changes might be due to charge differences 
between the mixed disulfides and native proteins. Mixed disulfide formation 
results namely in more acidic subunits. Actually, the generation of such 
subunits has been observed under several oxidative conditions (166, 170, 
171). However, they might not only be due to the formation of mixed 
disulfides, but also to the formation of sulfoxides or cysteic acid groups. 
In this respect it should be mentioned that bovine ot-crystallin is hardly 
susceptible to modification by H2O2 in organ culture, possibly due to the low 
SH-content in this protein (166). 
Other conformational changes of crystallins have been observed under 
oxidative conditions. The best studied in recent years is the crosslinking of 
crystallin polypeptides, observed as a result of both photo-oxidation and 
H2P2 treatment of either crystallin solutions (171-180) or intact lenses in 
organ culture (181). Crosslinking of bovine lens crystallins by ascorbic acid 
(I70, 182) is believed to be due to an oxidative mechanism as well (170), 
although a Maillard reaction cannot be excluded (182, 183)· Although loss of 
SH-groups and formation of disulfide bonds have been reported to occur in the 
lens with ageing and cataractogenesis (128, 184, 185), the crosslinks found 
in most of these oxidative studies appeared to be non-reducible. Several non-
disulfide crosslinks have been identified in cataractous human lenses, 
including 3-carbolines, bityrosine (149), Y-glutamyl-e-lysine (186) and 
recently lanthionine (187) and histidinoalanine (188). Whether one or more of 
these crosslinks are involved in the oxidation process of lens proteins 
remains to be established. In this respect it is noteworthy that a 43 kDa 
aggregate, generated by Fe2+ oxidation of a-crystallin is composed of A and В 
chains crosslinked by non-reducible covalent bonds. Sequence analysis of a 
proteolytic fragment of this aggregate revealed the presence of at least one 
of these crosslinks towards the carboxy terminus of the A and В chains after 
Phe-114 and His-111, respectively (189). In bovine lenses a 40 - 43 kDa band 
was found in the high-molecular weight protein fraction, which seems to be 
involved in the superaggregation process (190). Whether this band corresponds 
with a covalent binding of two a-crystallin subunits as well is not clear. 
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OUTLINE CF THIS THESIS 
In order to better understand the influences of protein changes in the 
lens on lens transparency we have studied in detail the alterations of 
protein compositions during differentiation and ageing of the lens. Changes 
in lens protein compositions are accomplished by two main mechanisms: 1. the 
changes in protein synthesis, especially during cell differentiation and 2. 
the changes in lens proteins resulting from posttranslational modifications. 
Concerning the former, we have studied the developmental changes in 
synthesis of crystallins in the rat eye lens (Chapter 2). With regard to the 
latter we have determined the in vivo phosphorylation sites of bovine aA-
(Chapter 3) and aB-crystallin (Chapter 1) and the deamidation site of chicken 
aA-crystallin (Chapter 5). Furthermore, we were able to unravel the mechanism 
of cleavage at Asn-101 of bovine aA-crystallin (Chapter 6), which was already 
described as an in vivo occurring age-related process in 1975. In Chapter 7 
we describe the identification of an in vivo phosphorylated chicken 8-
crystallin and in Chapter 8 the phosphorylation of the lens membrane 
proteins, MP70, MIP26 and MP17, has been established. As a sequel to the 
latter, we performed immunolocalization studies of MPI7 with monoclonal 
antibodies (Chapter 9). 
Knowledge of the occurrence and mechanisms of posttranslational 
modifications of eye lens proteins with ageing can give insights into the 
structural integrity of eye lens proteins with respect to lens transparency 
and might shed light on ageing phenomena in general. 
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SWMARY 
The patterns of protein synthesis in rat lenses ranging in age from 
newborn to U months were compared. After incubation of lenses in [3SS]-
methionine-containing medium it was possible to identify the de novo 
synthesized crystallins by two-dimensional gel electrophoresis and 
fluorography, in combination with peptide mapping and inmunoblotting. It was 
found that the relative synthesis of aA and 0A3 stays fairly constant in rat 
lenses of all investigated ages. The relative synthesis of BB2 and Ys shows a 
pronounced increase with age in these postnatal lenses, Ys decreasing again 
at 4 months as does f)B1. A differential decrease can be observed in the 
relative synthesis of the other six Y-crystallins (YA-YF). There appears to 
be a good correlation between the changes in relative synthesis of the 
various crystallins and previously reported alterations in mRNA levels, 
although certain mRNAs exhibit marked differences in translational 
efficiency. 
INTRODUCTION 
The bulk of the soluble proteins in the mammalian eye lens is made up by 
the products of some 15 different crystallin genes (Wistow and Piatigorsky, 
1988; Lubsen, Aarts and Schoenmakers, 1988). The limited number of crystallin 
polypeptide chains and the detailed knowledge of their gene and protein 
structures make the lens an ideal model to study developmental changes in 
protein composition. The differential synthesis of crystallins during 
development, combined with the specific growth pattern of the lens, results 
in a gradient in protein concentration and composition of the successive lens 
layers (Bessans, de Man, Bours and Hoenders, 1986; Carper, Russell, Shinohara 
and Kinoshita, 1985; Hejtmancik, Beebe, Ostrer and Piatigorsky, 1985; van 
Leen, van Roozen-daal, Lubsen and Schoenmakers, 1987; Murer-Orlando, 
Paterson, Lok, Tsui and Breitman, 1987; Piatigorsky, 1981; Thomson and 
Augusteyn, 1985; Zigler et al., 1985). Subsequent posttranslational 
modifications generate additional diversity of protein composition (Hoenders 
and Bloemendal, 1983; de Jong et al., 1988; Zigler and Goosey, 1981; Chiesa, 
Gawinowicz-Kolks, Kleiman and Spector, 1988). The resulting spatial 
distribution of the crystallins most probably contributes to the optical 
properties of the ocular lens, and gene expression in the lens might 
therefore require a carefully balanced regulation. 
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In rat lenses the regulation of crystallin expression has been studied at 
the transcriptional level by determination of mRNA levels for different 
crystallins during development (Aarts et al., 1989; van Leen et al., 1987). 
However, these mRNA levels do not necessarily reflect actual protein 
synthesis, due to variations in translational efficiency. Although several 
studies have dealt with changes in protein composition (Ramaekers, Dodemont, 
Vorstenbosch and Bloemendal, 1982; Uchiumi, Kimura and Ogata, 1983; 
Vornhagen, Bours and Rink, 1983) and protein synthesis (Carper et al., 1985) 
during development of the rat lens, the use of different nomenclatures for 
the observed proteins without any link to the corresponding genes, makes it 
impossible to correlate the observed changes with the alterations at the mRNA 
level. Recently, Siezen, Wu, Kaplan, Thomson and Benedek (1988) inferred the 
differential synthesis of Y-crystallins during development from the amounts 
present in the outer layer of rat lenses of different ages. These authors 
conclude that the proportions of synthesized Y-crystallins did not correlate 
very well with the reported levels of the corresponding mRNA's (van Leen et 
al., 1987). We approached the problem more directly by determining the in 
situ synthesis of crystallins in rat lenses of different ages. We therefore 
incubated intact rat lenses in medium containing [3SS]-methionine, and 
compared the incorporation of radioactivity in the different crystallin 
chains. We studied not only the synthesis of the Y-crystallins, but also that 
of the a- and 0-crystallins. The identification of the de novo synthesized 
crystallin gene products enables us to compare the developmental changes of 
protein synthesis with the previously measured mRNA levels (van Leen et al., 
1987; Aarts et al, 1989). 
MATERIALS AND METHODS 
Rat lens incubations 
Wistar rats of different ages were obtained from the Central Animal 
Facilities of the University of Nijmegen, School of Medicine. Rat eye lenses 
were imnediately removed after death by decapitation, and directly placed in 
incubation medium of 370C. The lenses were not decapsulated. One to three 
lenses, depending on the age of the animal, were incubated in 0.5 ml of 
medium containing 25 uCi ['5S]-methionine (Amersham Corp.) as described 
previously (de Jong, Hoekman, Mulders and Bloemendal, 1986). After labeling 
for 6 h at 370C incubations were stopped by rinsing twice with cold 
phosphate-buffered saline (PBS). Lenses were homogenized in 2.5% SDS. This 
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homogenization was complete for lenses from rats younger than 2 months, 
whereas fron older lenses the nucleus remained after homogenization. Protein 
synthesis in 2-mo-old rat lenses is however known to be essentially 
restricted to the lens cortex (Young and Fulhorst, 1966). 
YA-YF crystallin isolation and identification 
Eye lenses of 3-mo-old rats were homogenized in 2 volumes of buffer (50 mM 
Tris-HCl, 50 mM NaCl and 1 mM EDTA, pH 7.6), and Y-crystallins were isolated 
by gel permeation chromatography on Ultrogel АсАЗЧ (LKB). To avoid 
contamination with Ys-crystallin the second part of the Y-peak was used for 
further separation on an LKB HPLC-system equipped with a MonoS cation-
exchange column (Pharmacia). Proteins were eluted at a flow rate of 1 ml/rain 
and a gradient of sodium acetate as indicated in Figure 3, using a starting 
buffer of 20 mM Tris-acetate (pH 5.0) and an endbuffer of 0.5 M sodium 
acetate in 20 mM Tris-acetate (pH 6.6). For identification of the different 
peaks fractions were pooled and subjected to both two-dimensional gel 
electrophoresis and tryptic digestion. Peptide mapping of these tryptic 
digests was performed by high voltage paper electrophoresis at pH 6.5 and 
descending chromatography as described earlier (van der Ouderaa, de Jong and 
Bloemendal, 1973)· Fluorescamine-stained spots were subjected to amino acid 
analysis. Because of the coelution of YA and YD on the MonoS column, these 
two Y-crystallins were separated by two-dimensional gel electrophoresis and 
blotted onto nitrocellulose (Aebersold et al., 1987). The separated Y-
crystallins from 6 gels were combined, digested with trypsin and the tryptic 
peptides were separated by reversed phase HPLC on an RP-18 column (Merck) as 
described previously (Voorter, Mulders, Bloemendal and de Jong, 1986). A 
linear gradient from 0-40% acetonitril in 40 min was used. Some well-
separated peaks were used for amino acid analysis. 
Nomenclature 
Identification of the different crystallins is in accordance with a 
recently published guideline (Bloemendal, Piatigorsky and Spector, 1989). Ys-
crystallin was previously called ßs. 
Miscellaneous methods 
Two-dimensional gel electrophoresis was performed according to O'Farrell 
(1975). The isofocussing gels contained ampholines (LKB) in the pH ranges 
3.5-10 and 7-9, mixed in a ratio of 1:4. This specific ampholine mixture was 
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chosen for optimal separation of the Y-crystallins in the more basic region. 
Gels were stained with Coomassie-Brilliant-Blue (CBB) and subsequently 
processed for fluorography, dried and exposed to Kodak X-Otnat AH films. For 
comparison of .the fluorographs equal amounts of protein were loaded on the 
two-dimensional gels, whereas differences in label incorporation were 
compensated by exposure times. To identify the radioactive spots, notably the 
Y-crystallins in older rats, fluorographs were superimposed on the 
corresponding Coomassie-blue stained gels. 
For imnunoblot purposes 2-mo-old rat lenses were used. Imunoblotting of 
two-dimensional gels was performed as described previously (Mulders, Hoekman, 
Bloemendal and de Jong, 1987). The antibodies used were prepared against fSB2 
(Mulders et al., 1987; dilution 1:2000), ßBI (Mulders et al., 1987; dilution 
1:500), αΑ (Hendriks et al., 1988; Cr. 1-1, dilution 1:50000), otB (dilution 
1:2000) and Ys (dilution 1:50). For the preparation of the latter two, the 
inmunization scheme as described by Mulders et al. (1988) was used. As second 
antibodies peroxidase-conjugated swine-anti-rabbit (SWARP0, Dakopatts, 
dilution 1:200) and rabbit-anti-mouse (RAMPO, Dakopatts, dilution 1:200) 
immunoglobulins were used for the polyclonal (ÖB2, 3B1, oB and Ys) and 
monoclonal (aA) antibodies, respectively. 
Amino acid analyses were performed on an LKB Alpha Plus amino acid 
analyser. 
RESULTS 
Changes of crystallin synthesis in the developing rat eye lens 
In order to determine the changes in crystallin synthesis with 
development, rat eye lenses of different ages were incubated in the presence 
of [3SS]-methionine. After homogenization of the incubated rat lenses, and 
two-dimensional gel electrophoresis of the lens extracts, fluorographs were 
obtained as shown in Fig. 1. The radioactive spots were identified as 
indicated in Fig. 1 A and F, in accordance with their genes of origin (for 
identification see the next section). Although with this method crystallins 
lacking a methionine residue will be overlooked, this is unlikely to occur, 
since all hitherto sequenced mammalian crystallins contain one or more 
methionine residues. 
By comparing the radioactive protein patterns of rat lenses of different 
ages several conspicuous features can be observed. Compared to aA the 
synthesis of aB shows a slight increase with age. In agreement with the ratio 
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Figure 1: Patterns of proteins synthesized in rat lenses of different ages. 
Rat lenses were incubated in the presence of [35S]-methionine, and total lens 
extracts were analyzed by two-dimensional gel electrophoresis and 
fluorography. Rat lenses of age 0 (A), 2 days (B), 7 days (C), 14 days (D), 1 
month (E), 2 months (F) and 4 months (G) were used. Identification of the 
indicated polypeptides is described in the text. Square bracket marks some 
overlapping polypeptides, among which at least otAlns and gAI. The arrow 
points to a spot most probably corresponding with 3B1b. Note that panel D is 
missing part of YABC. 
of aA to aB (3:1) in α-crystallin (de Jong et al., 1975), the anraunt of 
[35S]-methionine incorporated in aB is always lower as compared to oA, even 
though rat aB contains 3 methionine residues as opposed to 2 in rat oA (W. 
Hendriks, H. В. and W.W. de J., unpublished results). 
Furthermore, Fig. 1 clearly shows a pronounced increase in the relative 
synthesis of (5B2 and Ys with age. (5B2-synthesis is already detectable in 
newborn rats, whereas incorporation of label in Ys-crystallin appears at 14 
days (Fig. ID). That synthesis of 0B2 and Ys is almost exclusively postnatal 
is further confirmed by comparison of the Coomassie-Brilliant-Blue-stained 
gels of newborn and 1-mo-old rat lenses (Fig. 2 A and B). In newborn rat 
lenses both f3B2 and Ys are not present in detectable amounts, whereas rat 
lenses of 1 month contain abundant amounts of both crystallins. This 
postnatal pattern of synthesis makes it very plausible that the 27,000 Da 
protein, mentioned by Carper et al. (1985), corresponds with fJB2, whereas 
their Y3, also previously mentioned by Vornhagen et al. (1983), resembles Ys-
crystallin. 
In contrast to Ys a differential decline of the relative synthesis of the 
other Y-crystallins is observed in incubated rat lenses from 14 days on (Fig. 
1 D-G). Rat eye lenses of 2 months do not synthesize YA, YE and YF anymore in 
detectable amounts (Fig. IF), whereas the labeling of YD has vanished almost 
completely at the age of И months (Fig. IG). Synthesis of ΎΒ and YC is still 
detectable at this age, albeit at a very low level compared to for example 
oA. Furthermore, the CBB-stained gel of a newborn rat lens (Fig. 2A) clearly 
shows the presence of only small amounts of YABC compared to YDEF. This 
indicates that among total Y-crystallins the synthesis of YDEF dominates in 
the prenatal stage, as was previously found by Siezen et al. (1989). 
The relative incorporation of [3'S]-methionine in (5A3 stays fairly 
constant with increasing age, whereas in comparison ßBI shows some 
fluctuations in label incorporation. The changes in protein synthesis of ÖA1 
and oA1113 cannot be distinguished with this method, since both proteins show 
an almost identical mobility on the two-dimensional gel system used (Fig. 1, 
square bracket). The presence of other crystallins as well in this rather 
crowded area cannot be excluded. 
In addition to the clearly labeled spots in Fig. 1 slightly labeled spots, 
which correspond with rather heavily stained spots on the CBB-pattern, can 
sometimes be seen on the fluorographs as well (cf. Figs. 1 and 2). The most 
basic one (Fig. 1A, 2A, arrow) corresponds most likely with SBIb, as it shows 
immunoreactivity with the anti-ßBI serum (data not shown). The presence of 
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Figure 2: Two-dimensional gel electrophoretic patterns, stained with 
Coomassie-Brilliant-Blue, of lens proteins from newborn (A) and 1 month-old 
(B) rats. For the indications see Fig. 1. 
[35S]-methionine in this protein after 6 h of incubation indicates that the 
posttranslational modification, by which ßBlb arises from ßBIa (Berbers et 
al., 1983). can be a rather fast process. The other slightly labeled spots 
might also be posttranslational modification products of certain crystallins. 
However, it is also possible that some of them correspond with the 
orthologues of bovine ßA2, ßA4 and ßB3 (Berbers et al., 1984). These three 
proteins could not positively be identified on our two-dimensional gels, 
although the mRNA of ßB3 is present in rat lenses (Aarts et al., 1989). 
Comparison of Fig. 2A and В reveals that, apart from gB2 and Ys, a large 
number of spots appears on the gel of 1-mo-old rat lenses as compared with 
newborn rats. Furthermore, by comparing this CBB-stained pattern with the 
corresponding fluorograph (Fig. 2B and Fig. IE), it is obvious that 
considerable posttranslational modifications must occur in rat eye lenses 
within 1 month after birth. 
Identification of the de novo synthesized crystallins 
Ramaekers et al. (1982) already gave a nomenclature for the rat lens 
crystallins, based on their two-dimensional gel electrophoretic mobility. 
However, this nomenclature needs to be revised in the light of the present 
detailed knowledge of the corresponding bovine proteins and of the rat 
crystallin genes. Therefore, we attempted to identify all de novo synthesized 
crystallins, present on the fluorographs of Fig. 1. 
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A number of polypeptides could readily be identified by inmunoblotting of 
rat lens proteins on two-dimensional gels with antisera against (Ш1, ßB2, Ys, 
αΑ and aB (data not shown). Their relative positions resemble those of the 
corresponding bovine crystallins (Berbers et al., 1984). Selective 
hybridization of rat lens mRNA with bovine cDNA clones, followed by in vitro 
translation, had previously enabled the identification of rat BAI/АЗ (Y. 
Quax-Jeuken, H.B. and W.W. de J., personal communication). 
The individual Y-crystallins (YA-YF) were identified after isolation by 
gel permeation chromatography (AcA34) and subsequent separation by MonoS 
cation exchange chromatography. The resulting elution profile is shown in 
Fig. 3· In order to correlate the peaks of this elution pattern with spots on 
the two-dimensional gels, peak fractions were pooled and subjected to two-
dimensional gel electrophoresis. A small amount of total water-soluble rat 
lens proteins was added to obtain a background pattern of all Y-crystallins 
to facilitate identification. The results, as shown in Fig. 3, insert, reveal 
that the first eluting Y-crystallins, YA and YD, are poorly resolved, whereas 
the other four, YB, YC, YE and YF, are well separated. 
A2e„( ) -MNaAcl—-) 
A+R 
015 
010 
005 
25 
Time (mm) 
Figure 3: Elution profile of rat Y-crystallins A to F. The Y-crystallins were 
fractionated by HPLC on a MonoS cation-exchange column with a linear gradient 
of sodium acetate ( ), as described under Materials and Methods. Y-
crystallins are designated according to their corresponding genes. The insert 
shows the separation of pooled peak fractions by two-dimensional gel 
electrophoresis. To facilitate localization of the spots on the 2-D gels a 
small amount of total water soluble rat lens proteins was added for a 
background. 
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For further identification of the four well separated Y-crystallins 
tryptic digestion was performed, followed by peptide mapping and amino acid 
analyses. It was possible to identify these four Y-crystallins as YB, YC, YE 
and YF (as indicated in Fig. 3) by conparing the amino acid compositions of 
tryptic peptides with the deduced amino acid sequence of the six rat Y-
crystallins (den Dunnen, Moormann, Lubsen and Schoenmakers, 19Θ6). In Table I 
and Fig. 1 the amino acid compositions and the alignment of the peptides in 
the region of residues 60-99 and 143-168 are indicated, which were most 
diagnostic to distinguish the different Y-crystallins. 
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Figure 4: Partial amino acid sequences enabling the discriioation of the six 
rat Y-crystallins, YA-YF, aligned according to den Dunnen et al. (1986). 
Tryptic peptides are numbered according to their position in the sequence of 
the protein. Peptides, resulting from tryptic digestion of the six different 
Y-crystallins, and used for their positive identification, are underlined 
(see also Table I). Circles enclose unique residues at a given position (den 
Dunnen et al., 1986), which simplified the identification of the different Y-
crystallins. In T9 an additional cleavage site for trypsin occurs at Arg-79 
in YA-YE, and in TI6 at Arg-149 in YF. 
- 43 -
Table I: Amino acid compositions (mole aoiino acid/mole peptide) of tryptlc 
peptides of YA-Y?. Peptides were isolated either by high voltage electrophoresis 
and chromatography (YB, YC, YE, YF) or by reversed-phase HPLC (YA, YD). Amino 
acids diagnostic for the identification of these Y-crystallins are in bold (see 
also Fig. 4). 
Amino 
acid 
»sp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
I U 
Leu 
Туг 
Phe 
His 
Lys 
Arg 
YB 
3-1 
2.0 
2.2 
1.0 
2 . 2 
0.6 
1.0 
1.5 
LO 
1.0 
YC 
2 . 8 
2.1 
2 . 2 
0.9 
2 . 2 
1.2 
1.2 
1.6 
1.1 
ο.β 
те 
YD 
3.1 
KB 
2.3 
K l 
2.0 
1.0 
0.8 
1.7 
КО 
1.2 
YE 
з.о 
2.0 
2.2 
К О 
2.2 
1.1 
К О 
1.8 
1.1 
0.8 
YF 
2 . 9 
1.9 
2.Э 
К О 
2 . 2 
1.2 
0.9 
1.6 
ко 
0.9 
YB 
0 . 9 
1.1 
1.2 
ко 
1.2 
0 . 9 
0.9 
0 . 8 
0.9 
К О 
Т9Ь' 
YD 
0.9 
0 . 8 
1.1 
1.1 
1.2 
1.1 
К Г 
ко 
YE 
3.1 
ко 
ко 
ко 
2.1 
0.8 
YB 
0 . 8 
1.2 
TÍO 
YC YE 
0 .9 
0 .9 
κι κι 
YF 
0 . 9 
K l 
YB 
1.1 
O.B 
0 . 9 
1.2 
T U 
YC YE 
1.2 1.2 
0.9 
ко 
0.9 0.9 
0 . 9 
1.0 
YF 
0.9 
K l 
1.0 
ко 
Amino T12 T16 ТІба ТІбЬ2 τΐβ Τ19 
acid YB YD YE YF YA YB YE YF YF γ
Α
 YB YE YF YB YC YE YF 
Asp 2.0 1.1 1.1 1.1 1.2 
Thr 
Ser 
Glu 1.1 l.l 1.0 1.3 2.1 2.2 1.1 1.0 
Pro 1.0 1.1 0.8 1.0 
Gly 1.0 1.2 1.3 
Ala 
Val 
Met 
Ile 
Leu 1.9 2.1 2.2 1.9 
Туг 0.9 0.8 0.8 1.8 К б 1.6 0.8 0.8 
Phe К О 
Hls 
lys 
Arg K O K O Kl Kl 1.8 2.0 1.7 2.2 1.1 
1.9 2.1 2.2 2.0 
K O 1.1 0.9 0.9 
1.2 
1.8 
1.2 
1.1 
0.9 
KO 
1.2 
2 . 9 
KO 
0.8 
1.1 
1.2 
1.8 
κ ι 
0 . 8 
0 . 9 
1.1 
1.2 
2 . 0 
K l 
0.8 
0.9 
KO 
1.2 
0 . 9 
0 . 9 
KO 
1.2 
0.9 
0.9 
0.9 
К З 
0.8 
0.9 
KO 
K l 
0.8 
KO 
K 2 
1
 T9b is the second part of T9, resulting from tryptic digestion at Arg-79 in YA-
YE and comprising residues 80-89. 
2 This peptide has an additional cleavage at Arg-149 in YF, resulting in two 
tryptic fragments T16a and ТІбЬ. 
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Although YA and YD are well separated on two-dimensional gels, these two 
proteins could not satisfactorily be resolved on the MonoS column. Therefore, 
we decided to identify YA and YD by tryptic digestion of these proteins after 
blotting onto nitrocellulose, as described in Materials and Methods. In Table 
I and Fig. 4 the peptides are indicated by which the identity of YA and YD is 
unambiguously established. 
As Ramaekers et al. (1982) used a comparable two-dimensional gel 
electrophoretic system it can be concluded that the polypeptides identified 
as Y1-Y6 in their nomenclature correspond with the Y-gene products YC, YB, 
YA, YF, YE and YD, respectively. This correlation between Y1-Y6 and the 
corresponding Y-crystallin genes is in accordance with predictions of van 
Leen et al. (1987) and Siezen et al. (1988), which were based on 
developmental changes and pi differences, respectively. 
All identified crystallins are indicated as such in Fig. 1 A and G and 
Fig. 2 A and B. 
DISCUSSION 
Siezen et al. (1988) were recently able to separate the seven rat Y-
crystallins and assign them to their corresponding genes, YA-YF and Ys. By 
determining the amounts of these Y-crystallins present in the outer cortex 
they deduced the differential synthesis of Y-crystallins in the developing 
rat lens. 
In the present study we determined more directly the developmental changes 
in the de novo synthesis of rat Y-crystallins, and moreover extended this 
investigation to ctA- and aB-crystallin and several ß-crystallins. This 
enables us to correlate the relative synthesis of these crystallins with 
previously published developmental changes in mRNA levels (van Leen et al., 
1987; Aarts et al., 1989). The correlation is based on the comparison of the 
changes in synthesis of the different crystallins relative to aA, with the 
alterations in the amounts of transcripts compared to otA as well. Except for 
ßBI, the thus examined crystallins showed a good correlation between the 
changes in synthesis and in mRNA levels. 
With respect to the YA-YF-crystallins, van Leen et al. (1987) already 
established that the expression of these genes is differentially switched off 
during the postnatal stages of development of the lens. The changes in the 
relative postnatal synthesis observed in our study parallel the differential 
decline of mRNA levels of rat Y-crystallins as measured by van Leen et al. 
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(1987). Between 1 and 2 months of age labeling of YA, YE and YF has vanished 
completely (cf. Fig. IE and F), whereas synthesis of YB, YC and YD is still 
detectable in 2-fflo-old rat lenses. These results are in agreement with the 
measured ratio of the corresponding mRNA's. 
Although a rapid decline in the levels of YE and YF has also been found by 
Siezen et al. (1988), some discrepancies exist between our results and their 
deduced YA-YD synthesis values. Presumably, these discrepancies are due to 
differences in the methods used. Our method enables us to determine actual 
[35S]-methionlne incorporation in Y-crystallins at different ages, whereas 
Siezen et al. (1988) inferred the Y-crystallin synthesis from percentual 
weight differences of the individual Y-crystallins between rat lenses of 
different ages. With the latter method it is not possible to determine the 
time at which synthesis of a specific protein stops, because not all protein 
present in the outer cortex is necessarily synthesized at that specific 
moment. 
In contrast to the other Y-crystallins the synthesis of Ys in rat lenses 
is detectable only some time after birth, and this perfectly reflects the 
absence of its corresponding mRNA in fetal lenses and the rapid postnatal 
rise of the number of transcripts (Aarts et al., 1989). The postnatal 
increase of Ys-crystallin synthesis in human and bovine lenses has already 
been described (Pierscionek and Augusteyn, 1988; Slingsby and Croft, 1973; 
Thomson and Augusteyn, 1985). A comparable gradual increase in the amount of 
Ys-crystallin in rat lenses with age was observed by Siezen et al. (1988). 
The synthesis of aA is higher than that of aB at all investigated ages, 
whereas the postnatal lens contains significantly more aB- than oA-
transcripts (Aarts et al., 1989). This discrepancy clearly reflects a lower 
translational efficiency for the oB mRNA as compared to that of oA. The same 
holds true for ßB2 in relation to ßB1. Until the age of 14 days the 
methionine incorporation is higher in ßBI than in 0B2, although the number of 
methionines and the amount of transcripts are both higher for the BB2-
crystallin. 
Although translational efficiencies may be different for various mRNAs, 
the changes in relative protein synthesis are generally in good agreement 
with the changing levels of mRNA. Thus, the present results do not indicate 
that differential regulation at the translational level plays a major role in 
crystallin gene expression in the lens. 
- ¿ft -
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Some aspects of the phosphorylation of a-crystallin A 
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The cAMP-dependent phosphorylation of i-crystallm was investigated The major products of in vitro 
phosphorylation of total bovine lens homogenate are the α A, and iB, polypeptides, but in addition a minor 
labeled spot is present which might correspond with a double phosphorylated aB chain It is demonstrated that 
the Ai and B! subunits of a-crystallin from bovine eye lenses are solely the result of phosphorylation of the 
primary gene products 2A2 and 11B2, respectively, as judged from the stoichiometry of the phosphate content of 
these polypeptides Both the in vitro and in vivo phosphorylation sites of the A chain of bovine x-crystallin were 
determined and found to be the same After in vitro incubation the majonty of the 3 2 P label was found in the 
tryptic peptides T17a and T16-17a, the latter being the result of incomplete tryptic cleavage between П6 and 
T17a The m vivo phosphorylation site is also located in TI7a, as could be concluded from the retention times on 
reversed-phase HPLC of T16-17a and T17a from »A, as compared to those from iA2, and from the differences 
in their mobilities on high-voltage paper electrophoresis at pH 6 5 Furthermore, both T17a and T16-17a of »A, 
contain approximately 1 mol phosphate/mol peptide Thermolytic digestion оГТ16-17а of both uAj and αΑι, 
followed by separation on RP-HPLC, demonstrated that Ser-122 is the phosphorylation site of the A chain of 
bovine lens a-crystallin The replacement of this phosphorylation site or the lack of basic amino acids at the 
N-terminal side of Scr-122 ш some vertebrate species apparently results in the absence of phosphorylation of 
i-crystallin A both m vitro and m vivo 
Apart from its abundance as a structural protein in most 
vertebrate eye lenses, very little can be said about the 
functional aspects of or-crysullin The striking sequence ho­
mology between x-crystallin and the small heat-shock proteins 
[1,2] and the concomitant conservation of secondary structure 
features suggest an intriguing, though as yet unknown, 
similarity in certain functional properties between these pro­
teins ct-Cryslallin occurs as large aggregates, of up to IO6 Da, 
composed of two types of primary gene products, lAj and 
1B2. and a variety of posttranslational modifications thereof 
[3] From a functional point of view it may be relevant that 
Spector et al [4] recently made the remarkable observation 
that the major posttranslational products, the At and Bi 
subunits, of bovine a-crystallin are phosphorylated m a 
cAMP-dependent way Both subunits have been descnbed 
earlier as posttranslational modifications of the primary gene 
products 3A2 and aB,, respectively, [5] and although the in­
volvement ofdeamidation has been proposed [5, 6], this has 
never been definitely demonstrated With this finding a new 
type of posttranslational modification has been added to the 
bst of the well-documented age-related and developmental 
changes of the crystallms [3] 
As phosphorylation plays an important role in a variety 
of cellular events [7], studying the characteristics of the 
phosphorylation of n-crystallm might help us to gain a better 
insight into the possible role of this protein in the eye lens In 
Correspondence /pW W de Jong, Laboratorium voor Biochemie, 
Geert Grooteplein Noord 21, 6525 EZ Nijmegen. The Netherlands 
Abbreviations SDS, sodium dodecyl sulphate, HPLC, high-per­
formance liquid chromatography 
EniuiKs Trypsin (EC 3 4 21 4), Ihemolysin (EC 3 4 24 4) 
this paper we describe the determination of the phosphoryla­
tion site of the xA chain of calf eye lenses and the occurrence 
ofthe phosphorylation of i-crystallin m some other vertebrate 
species 
MATERIALS AND METHODS 
Lens preparation 
Lenses from different animals were obtained either from 
a local slaughterhouse or poulterer (calf, rabbit and chicken) 
or from the Central Animal Facilities of the University of 
Nijmegen School of Medicine (rat and dogfish) All lenses 
were stored at — 80 'C Lens homogenates were prepared as 
descnbed by Sredy and Spector [8] After 5 mm of vigorous 
stirnng in cold 1 0 mM Tris/HCl, pH 7 4,0 25 M sucrose, the 
homogenates were used for in vitro phosphorylation expen-
ments 
In vitro phosphorylation 
The m vitro phosphorylation was earned out in a reaction 
mixture containing 20 mM imida7ole/HCl, pH 7 4, 1 mM 
MgCI2, 0 02mM cAMP (Boehnnger) and 50 μΜ ATP, 
brought to a specific activity of 1 Ci/mmol with [y-^PJATP 
(Amcrsham) [8] Protein concentration was 1 mg/ml The re­
action mixture was preincubated at 37 С for 5 min and the 
reaction was initiated by the addition of [y-32P]ATP After 
10 min of incubation at 37 С the reaction was stopped by 
addition ofeither an equal volume of cold 20% trichloroacetic 
acid or EDTA to a final concentration of 10 mM The 
tnchloroacetic acid precipitates were washed three times with 
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96% ethanol and twice with dielhvl ether In the case of 
EDTA addition the water-soluble fraction was obtained by 
centrifugation at 12000 x ^ for 15 mm and further used for 
isolation of in иіго phosphurylated otA, subunit For 
determining the influence of cAMP and Mg 2 * the 
phosphorylation reactions were carried out with and without 
cAMP and MgCl2 as will be described in the figure legend 
Enz\ mu digesnonî ami separation of peptides 
The aA chains were S-/f-aminoethylaled, and digested in 
0 1 M NHaHCOj pH 8 9 using two additions of 1% (w/w) 
trypsin (tosylphenylalanylchloromethane-treated Worthing-
ton) (9] After 6 h of digestion the pH was lowered to 6 5 with 
Ι M HCl, the insoluble peptides were collected by centrifuga­
tion and washed with 0 1 M NH4HCO3, adjusted to pH 6 5 
with 1 M HCl These insoluble peptides were separated on a 
Sephadex G-50 sf column (120 χ 1 5 cm) in 0 1 M ammonia 
[9] Some tryptic peptides were further digested with 
thermolysin [9] Analytical peptide mapping of the soluble 
peptides was performed on an LKB high-performance liquid 
chromatography (HPLC) system equipped with a Lichrosorb 
RP-8 column (4 χ 250 mm) Peptides applied to the column 
were eluted at a flow rate of 1 ml/min with a mobile phase of 
0 1 % Influoroacctic acid (Pierce) in water, and a gradient 
of acctomtnle (Rathburn) increasing from 0 to 40% during 
81 mm as shown in Fig 4 The cluate was monitored for 
absorbancc at 225 nm and fractions were subjected to amino 
acid analysis or radioactivity determination by measuring the 
Cerenkov radiation The yield of peptides was determined 
either by amino acid analysis using norlcucme as an internal 
standard, or by comparing peak areas of peptides with known 
reference samples Preparative isolation of peptides was 
carried out by high-voltage paper electrophoresis and chroma­
tography, as described earlier [9] After staining with 
fluorcscamme the peptides were eluted from the paper with 
5% acetic acid 
Phosphoamino acid analysis 
After phosphorylation lens homogenates were subjected 
to two-dimensional Polyacrylamide gel electrophoresis ac­
cording to O'Farrell [10] 32P-labeled protein spots corre­
sponding to the I A ! subunit were excised from the gels after 
staining with Coomassie brilliant blue R250 and processed 
according lo Tuazon et al [11] Partially h) drolysed samples 
were electrophorescd on thin-layer cellulose sheets (Polygram 
eel 100, Machcrey-Nagel), with phospholhrconine, phospho-
senne and phosphotyrosme as references Electrophoresis »as 
earned out at pH 1 9, 105 min at 900 V [11] The standard 
phosphoamino acids were visualized by staining with 
mnhydnn 
Miscellaneous methods 
a-Crystallin was isolated from bovine lens water-soluble 
fractions by gel-permeation chromatography on Ultrogel 
AcA 14 (LKB), and the subunits Α2 Αι B2 and Bi were 
separated by ion-exchange chromatography [12] 1 he m atro 
phosphorylated aAi subunit was isolated in a single step 
by ion-exchange chromatography of the total water-soluble 
fraction (12] One-dimensional sodium dodecylsulphate 
(SDSVpolyacrylamide gel electrophoresis was performed ac­
cording to the system of Laemmli [11] Two-dimensional gel 
electrophoresis was earned out as described by O'Farrell [10] 
The dned gels as well as the thin-layer plates were aulo-
radiographed at — 70 С with Kodak X Ornat AR film using 
intensifying screens Ammo acid analyses were performed on 
a LKB Alpha Plus amino acid analyser 1 he phosphate 
content of proteins and peptides, isolated by gel-permeation 
followed by ion-exchange chromatography and by prepara­
tive peptide mapping respectively was determined accord­
ing to the procedure ol Fiske-SubbaRow modified by 
Broeckhuyse[14] 
RESULTS 
In order to identify the water-soluble and cytoskelctal calf 
lens proteins that can be phosphorylated m vitro, we incubated 
the total homogenate of calf lens outer cortex fiber cells with 
cAMP, MgClj and [y-32P]ATP for 10 mm, and analyzed it 
directly by two-dimensional gel electrophoresis F ig i A 
shows the resulting Coomassie-blue-stained pattern of the 
unfraclionatcd phosphorylated homogenate and Fig IB the 
corresponding autoradiograph Radioactivity was not only 
associated with the xA, and atBi chain, as reported by Specter 
et al [4], but also with a minor additional polypeptide to the 
right ot 2B1 Considenng its position this slightly labeled spot 
might correspond with a double phosphorylated ocB chain, 
called uBo A protein of this size and charge has already been 
analyzed by van Kleef et al [15, 16], who assumed it to be a 
further deamidalion product of the nB chain Phosphoryla­
tion of the /-cryslallins was not detected in this in atro system 
while a very slight labeling in the /3-crystallin region seems to 
occur (see also Fig 2 B, lane 4) 
There are three labeled spots in the region of the 
cytoskelctal proteins Two ol them correspond with vimentin 
and actm which have previously been shown to be 
phosphorylated [17] The third spot remains unidentified, 
although it might correspond with the cytoskelctal protein 
CP46 described by Ireland and Maisel [18] The labeled actm 
is shifted to the acidic side of the gel as compared with the 
Coomassic-blue-sliiined protein a phenomenon which has 
also been observed by Sredy et al [17] The level of , 2 P 
incorporation in vimentm was much higher than in actin 
The influence of cAMP and MgCb on the in vitro phos­
phorylation of i-crystallin is shown in Fig 2 If either cAMP 
or Mg2 * were omitted from the incubation mixture no phos­
phorylation ofï-crystallin could be detected (Fig 2 lanes 1 — 
3) This confirmed the cAMP and Mg dependence of the 
phosphorylation of 2-cryslallin [4] as has also been described 
for other lens proteins [8,19] 
In order to confirm the nature of the in vitro phos-
phorylated residue, we performed phosphoamino acid deter-
mination by partial hydrolysis of the lA] chain eluted from 
the Polyacrylamide gel after two-dimensional electrophoresis 
Fig 3 shows that the mobility of the 12P-labeled phospho-
amino acid from aki corresponds with that of phosphosenne, 
confirming the results of Spcctor et al [4] These authors [4] 
also observed that the amount of phosphate present in native 
bovine ot-crystallin is sufficient to account for the abundance 
ol ïA, and аВ, chains We wanted to ascertain the phosphate 
stoichiometry in the in viw produced xAi and 3BL chains by 
direct determination of the phosphate content of the isolated 
polypeptide chains Table 1 shows that both J A I and iB, 
contain approximately 1 mol phosphate/mol polypeptide m 
contrast with 2A2 and аВг which do not contain any 
phosphate From these results it is clear that incorporation of 
a single phosphate moiety is the posttranslational modifica­
tion by which Ai and B, arise from A2 and В2 respectively 
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unidenlifled protein Crystallm polypeptides are designated according to the nomenclature proposed by Berbers et al [40] Лтрііоііпсь in the 
pH ranges 3.5—10 and 6 — 8 were mixed in a ratio of 3:5 
lolocah/e the phosphorylation site m the native αΛι chain 
comparative analytical and preparative peptide mapping of 
otAj and яА] was performed The ζ/Κχ and z/Kj chains were 
isolated from the water-soluble fraction of calf lens 
homogenatc using gel filtration followed by ton-exchange 
chromatography After aminoethylation and extensive tryptic 
digestion the peptides were separated by reversed-phase 
HPLC Fig 4 compares the clution profiles of the tryptic 
digests of stAi and лАі obtained under identical conditions 
on a Lichrosorb RP-8 column. By amino acid analysis it was 
possible to assign the peaks oí both chromatograms to the 
tryptic peptides of the xA chain as described by van der 
Ouderaa et al. [9]. No differences in the amino acid 
compositions of the corresponding peptides were observed. 
confirming the notion that aAj is a posttranslational 
modification of aAi [5]. Peptides T2 and T15 only consist of 
free arginine and could not be detected in this Лц*. profile 
Also Г4 and 19 are lacking They could not be eluted in this 
system, owing to their high hydrophobicity Both peptides 
were separated by gel filtration on Sephadex G-5() sf. sub-
digested with thermol>sin and identified by peptide mapping 
at pH 6 5 [20] The large peptide TI 7 could only be recovered 
on HPLC when cleaved in T17a and TI 7b after aminoethyla­
tion ofCys-131 prior to tryptic digestion Incomplete tryptic 
cleavage at Arg-119 resulted m a larger peptide Tl 6-17a. with 
a longer retention time than T17a- The only difference in the 
elution profiles of the peptides recovered from xAi and aA
: 
is a decreased retention time of peptides I 17a and T16-17a in 
the chromatogram of aA t as compared with that of aA2 (cf. 
big 4A with B). In the •χ/Κχ elution pattern T16-17a then 
overlaps with Tl 1. which could not be resolved by stretching 
the gradient. This shift might be ascribed to the presence of a 
phosphoryiated residue in peptide TI7a. because phos-
phorylated peptides migrate faster in revcrsed-phase chroma­
tography than the corresponding unphosphorylated forms. 
owing to their decreased hydrophobicity [21] In contrast with 
the results of Shoji et al. [21]. who could onl> detect such a 
shift under alkaline conditions, we also observed such a shift 
under the acidic conditions of our system 
A comparable difference in mobility of 117a and T16-17a 
was observed when tryptic peptides of aA» and aAj were 
separated by high-voltage paper electrophoresis at pH 6 5. 
followed b\ descending chromatography Compared with the 
peptide map of аАз [9] both T17aand TI 6-17a of aA! moved 
to the anodal side of the map. in agreement with the change 
in charge induced by phosphorylation of a serine residue 
To confirm the presence of phosphate m Г17а of яА, we 
measured the phosphate content of all tryptic peptides of the 
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(χΒ Fig 4 Elulion profiles of iryptii peptides from bovine x-crystalHn ,4; 
(top) and Αι (bottom) subumt The peptides were fractionated by 
-OíA HP1.C on a Liehrosorb RP-8 eolumn with a discontinuous gradient 
of aeelomlnle (0 -40%) in 0 1% trifluoroaeelie aeid as indicated in 
the figure (% B) Peptides are numbered according to their posilion in 
the sequence of the protein [9] Corresponding peptides with different 
retention times are marked with an asterisk 
Fig. 2. SDS/pohairylamide gel electrophoresis showing the effect of 
iA.\dPandMgCI: on the m vitro phosphor\lution of-x-crxstallm Call 
lens homogenales were phosphorylated with [,-32P]ATP for 10 mm 
at 37 C. (A) A representative Coomassie-blue-staincd gel (B) Auto 
radiograph of m vitro phosphorylated calf lens homogenate (1) 
uiihout addition ofcAMP and MgCb- or with addition of (2) 20 μΜ 
cAMP. (1) 1 mM MgCI2 or (4) 20 μΜ cAMP f 1 mM M g t l 2 
Molecular mass values in kDa arc indicated on the left 100, unidenti­
fied 100 к Da protein, V. vimentin. aAandaBarea-crystallmsubunits 
origin 
P-Ser | 
P-Thr | 
P-Tyrt 
«A, | 
Í - ) ( + ) 
Fig.3- Identifuation of the phosphoammo acid oj in vitro phos-
phor] luted hovmc яЛі chain The Ï A , polypeptide, elutcd Irom two 
dimensional gels, was hydrolyscd in 4 M HCl lor 2 h at 100 С and 
the h>drolysdte electropliorcscd on thin layer plates at pH 1 l) The 
non-radioactive relcrcncc phosphoamino acids can be detected on the 
auloradiograph as a result of quenching by the mnhydnn-slamed 
spots 
Table 1 Total phosphate content of the \uhunils ofhinim л < rwtallm as 
determined by the method of Fiske-Suhha Row mttdijied h\ Brœckhu) sc 
fl4/ 
Subumts were isolated as described under Materials and Methods. 
the amount of subumt used for phosphate measurements was deter-
mined by amino acid analysis Values are represented as the molar 
ratio of phosphate lo protein subumt (means with standard deviation 
of triplicate measurements) 
Subumt 
A2 
Л, 
B 2 
B; 
Phosphate content 
mol/mol 
0 05 + 0 04 
1.12 + 0,04 
0 04 + 0 04 
1.06 + 0 14 
ζΑχ chain, ibolated either by gel filtration on Scphadex G-50 
sf (T4. T9) or by preparative peptide mapping The results 
(Table 2) show that T17a and T16-17a are the onl> peptides 
containing significant levels of phosphate The amount of' 
approximately 1 mol phosphate mol peptide indicates that 
one phosphosenne residue is present in Tt7a 
To establish whether the m vitro 1 2 P phosphorylated serine 
residue is located at the same site, the zAi chain was isolated 
by direct ion-exchange chromatography of total homogenate 
after incubation with [•/-i2P]ATP Alter aminoethylation and 
tryptic digestion of ,2P-labeled αΛι. the peptide mixture was 
analysed by reversed-phase HPLC. Fractions containing the 
separated tr>plic peptides were pooled, and Cerenkov radia­
tion was measured From lable 3 it can beconduded that the 
major in Miro phosphorylation site is again found in the tr> ptic 
peptide T17a Because T16-I7a could not be separated irom 
Ti t . the level of incorporation in this peptide could not be 
determined Λ considerable J 2 P labeling was, however, mea­
sured m this peak (data not shown) 
Since peptide T17a contains three serine residues, accord­
ing to previous sequence determination [^ l. further identifica­
tion of the precise site of phosphorylation was necessary. For 
this purpose we isolated peptides Τ16-17a from аЛ^ and xAi 
by high-voltage paper electrophoresis and descending chro­
matography for subdigestion with thcrmolysm (Tabic 4. 
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Table 2 77« pinnphah ¡ontetit of ¡nptu peptides of zA
 l mstallmas 
dtiimtnudbi tht method of h^ke SuhbaRou modiftedb} Broeckhuyse 
IUI 
Tht. irvpttc peptides T4 dnd T9 were obtained by gel Γι II ration on 
SüphiiJex G-'iü sf All other peptides were recovered from the paper 
after high voilage cleclrophorcsis followed by descending chromaiog 
raph> Peptides T2 and TI S сопычі ol free arginine residues and were 
noi assa>cd for phosphate content The amount and purity ofpeptidcs 
used loi phosphate mca&urcmcnls was determined by amino acid 
anilvses Duplitate experiments ga\e nearly identical values Results 
arc given as ih», molar ratio of phosphate lo peptide n d not 
detectible 
Tryptic peptide Phosphate content 
Tl 
Tl 
T4 
15 
T6 
T7 8 
T9 
Tit) 
T i l 
T12 
Т П 
T14 
T16 
Тіб-Па 
Tl 7a 
117b 
T18 
T19 
120 
mol/mol 
n d 
0 02 
n d 
n d 
n d 
n d 
0 07 
n d 
004 
n d 
n d 
n d 
n d 
1 η 
OM 
n d 
n d 
n d 
n d 
Tabic 1 ^P-mcorporaiiOnintrvpticpepudeiofxAi-crystailmafterm 
vitro incubation 
The amount of 32V was measured by Cerenkov radiation Tryptic 
peptides were separated by reversed-phase HPLC as described under 
Materials and Methods T4 and T9 were not resolved with this system 
and are therefore lacking in this table Peptides T2 and T15 consist 
of free arginine residuts, and could not be detected in the Λ , ^ profile 
Ti l Lould not separately be assayed because of overlap with T16-
17a however the amount of rddioactivit> in (he sample could 
completely be accounted for b> the presence of T16M7a η d not 
delectable 
PcpUde 
Tl 
Π 
T5 
T6 
T7-8 
ТІ0 
T12 
ΓΙ3 
T14 
116 
T17a 
117b 
T18 
119 
T20 
3 2 P incorporation 
cpm'umol peptide 
540 
150 
170 
150 
90 
40 
120 
n d 
10 
70 
4200 
n d 
350 
n d 
n d 
Table 4 Amino and compositions (mote amino and moU piptuh j of 
the tr)plicpeptides T16-17a fromnAz andxAι isolatedh\ Ιιιφ \oltagi 
paper elei trophorcm and Chromatograph andtht thermohtu piptnhs 
resulting Jrom subdigeition of Τ16 Πα for Ì h f A 2/ or 24 h ' A] ι at 
50 С 
The Ihcrmolytic peptides were isolated by reversed phase F1PI ( using 
a gradient of acclonilnle in 0 1% ІпПиогоассІіс acid (I ml nun) 111 
creasing from 0 to 9% in 18 mm, isocralic at 90o for 10 mm Irom 
9% to 16% in 14 mm isocratic at 16% lor 5 mm and from 16% lo 
17% in 5 mm Notation A l and A2 refers to the a cryslallm subunil 
from which T16-17a was isolated Th — ihcrmolytic peptide as in 
dicaled in Fig 5 Peptide Thl 2 was only presenl in аЛ] as a result of 
poor thermolytic cleavage at Val 124 
Ammo 
acid 
Asp 
Thr 
Scr 
Glu 
Pro 
Oly 
Ala 
Val 
Met 
He 
Leu 
Tyr 
Phc 
His 
AeCys 
Lys 
Arg 
Yidd (%) 
Flution 
lime 
(mm) 
T16-17a 
А
г 
21 
28 
12 
10 
10 
10 
21 
07 
09 
12 
A, 
23 
27 
12 
10 
09 
10 
19 
12 
09 
1 1 
I h l 
A 2 
10 
09 
09 
1 1 
1 1 
1 1 
70 
A, 
1 1 
1 0 
08 
1 1 
10 
1 1 
20 
36 4 27 8 
Th2 
Аг A, 
10 11 
10 09 
10 11 
1 0 09 
1 0 09 
48 6 
74 76 
Thl-2 
A, 
22 
1 6 
1 2 
1 1 
10 
10 
1 0 
08 
1 1 
30 
43 4 
T h l 
A2 
1 1 
10 
09 
38 
83 
A, 
1 0 
10 
10 
37 
85 
120 130 
* 
-His-Arg-Arg-Tyr-Arg-leu-Pro-Ser-Asn-Val-Asp-Gln-Ser-Ala-Leu-Ser-Cjs-
Fig 5 Ammo acid sequence of input pepudi ТІ6-Па ofx-cntlallm 
A ¡9} and thl t luslcr of basic ammo acid residues preceding the sue of 
phosplior\lution f-k) Thermolytic digestion was carried out in 0 1 M 
NHaHCCMpH 89)al50 П о г і h ( A 2 ) o r 2 4 M A . U n d thcrmolylic 
peptides (Th) were separated by reversed phase HPLC (sec also 
Tabic 4) 
Fig 5) A 24-h incubation at 50 С was necessary t o partially 
cleave T16-17a of the s A i chain at Val-124 whereas a 1-h 
digestion was bull'icient t o give effective cleavage in the Аг 
peptide at the same position In fact a 24-h digestion of peptide 
116-17a of aAz resulted in addit ional cleavage al Ser-122 The 
resulting thermolytic peptides were separated on reversed-
phase H P L C and identified by their amino a u d composit ion 
(Table 4) As can be deduced from the difference in clution 
time of the thermolytic peptide T h l (Table 4), comprising 
residues 118 — 123 (Fig 5), Ser-122 must be the phosphoryla 
tion site ol the A chain of bovine a-crystallin 
To determine whether phosphorylat ion оГя-crvstallin is a 
general characteristic ol this protein in different vertebrates, 
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54-
Î 7 
20-
17-
Ä 
•l |- i s:| 
ï 
1 2 3 4 5 1 2 3 4 5 
Fig 6. In vitro phosphorylation ot fem Polypeptides from differem vertebrate spines Phosphorylation was earned out lor 10 min at 37 С as 
described under Materials and Methods C'oomassie-blue-stamed pattern (A) and the corresponding autoradiograph (B) are shown оГ(1 (call. 
(2) rabbit. O) rat. (4) chicken and (5) dogíish Molecular mass markers (m kDa) arc indicated on the left V, vimenlin, A. actin гА1" ral atA 
chain containing an insertion ot 21 ammo acids because ol alternative splicing (see [22]) Owing to sequence dillerenccs in the aA chains ot 
dilterent species, their electrophoretic mobilities vary in SDS gel electrophoresis [41] The very strong labeling ot rat 2-cr>slallin reveals in 
lane B3 the naturali} occurring degradation products of aA [15. 16] In chicken (lane B4) a 26-kDa /i-crvstallin subumt appears to be 
phosphor) lated 
we investigated the in vitro phosphorylation of «-crystallin in 
a variety of species (rat, rabbit, chicken, dogfish) by in­
cubating lens homogenates with [,-12P]ATP. The reaction 
mixtures were analysed by one-dimensional SDS Polyacryl­
amide gel electrophoresis and autoradiography (Fig, 6), which 
reveals that both the ïA and ali chains aie phosphorylated in 
the investigated mammalian species (lanes 1—3). Also the 
elongated aA1"4 chain m rat. containing an insertion of 23 
residues as a result of alternative splicing 122]. becomes 
phosphorylated m vitro, as might be expected since its sc-
quence is. apart from the insertion, identical to the normal 
aA chain Both rat and rabbit aA chains have identical 
sequences as bovine aA around the site of phosphorylation 
120] In chicken and dogfish lens homogenates no in vitro 
phosphorylation of x-crystallm could be observed (lanes 4 and 
5), The failure to detect cAMP-dependent phosphorylation in 
these species could m principle be due to unsuitable ex-
perimental conditions, because the factors influencing the 
actual ATP concentrations in the lens homogenates could not 
efteclueU be controlled It seems, however, more likely that 
indeed no in vitro phosphorylation of x-crystallin occurs in 
these species, because also ш \i\o the aA, and αΐ^ chains are 
not detectahly present [23] This is not surprising, as far as aA 
is concerned, because m chicken aA Ser-122. the substrate for 
cAMP-dependent phosphorylation in bovine aA-crystallin. is 
replaced by alanine, and although this serine residue is still 
present in the dogfish, the replacement of Arg-117 and Arg 
119 by threonine and histidme. respectively. [241 might be 
responsible lot the presumed absence of phosphorylation in 
this lower vertebrate 
DISCUSSION 
Although cAMP-dependent protein kinase activity has 
already been demonstrated in the bovine eye lens in 197S [25]. 
it was only recently that the possible substrates for this kinase 
were established. Most of these studies dealt with the 
phosphorylation ol membrane proteins [19, 26 — 28] or cyto-
skelctal proteins [17. 29] Recently Spector et al [4] demonstra­
ted the cAMP-dependent phosphorylation of a-crystallin 
Although other investigators were not able to detect any 
phosphorylation of a-crystallin 127]. we could confirm the 
results of Spector et al [4] and show in the present studv that 
the A chain of a-crystallin is phosphorylated at a single site. 
the serine residue at position 122 I his residue is the in vivo 
site of phosphorylation of the A chain, because native 
α-crysiallin was used lo determine the position of phos-
phoserme It seems likely that a No m мне the phosphorylation 
occurs at the same site, since most ol thecAMP-mediated 3 2 P 
labeling of the aA chain was tound in the tryptic peptides 
T16-17a and T17a. containing Ser-122 
f he serine residue at position 122 meets the requirements 
for the substrate sequence of cAMP-dependent kinases in that 
there are several basic amino acids close to the N-terminal 
side of the phosphorylated serine (Fig 5) [30] Furthermore 
Pro-121 might improve the phosphorylation еШиспсу. be­
cause a proline residue just N-terminal of the substrate serine 
has been reported to be associated with high phosphorylation 
rates of synthetic peptides [31]. The requirement of basic 
amino acids preceding the phosphorylation site is further 
supported by the in Miro incubation ol dogfish lens 
homogenate i he apparent absence ol cAMP-dependent 
phosphorylation ol st-crystallin in this species (Fig 6, lane 5) 
- 58 -
might be due to the lack of arginine residues at the N-terminal 
side of this residue [24]. 
The replacement of the phosphorylation site itself by Ala-
122 in the chicken apparently results in the absence of 
phosphorylation, both in vitro (see Kig.6, lane 4) and in vivo, 
as shown by the absence of iAi on alkaline urea gel electro­
phoresis [23]. The aAi chain is hardly or not detectable in all 
investigated birds, in fishes, amphibians and reptiles, with the 
possible exception of Python [23]. Judging from the presence 
and intensity of яАНікс bands (i.e. charge heterogeneity of 
aA characterized by the presence of two additional negative 
charges in the most acidic isoform) the phosphorylation of 
aA-cryslallin is apparently most pronounced in mammals. 
However, it is possible that not all investigated mammalian 
species show phosphorylation of яА-crystallin, as can be pre­
dicted from their amino acid sequence. In the anteater, two-
loed sloth and three-toed sloth Ser-122 is replaced by thre­
onine [12] and no α A, at all could be delected in these 
mammals [32]. This is in agreement with the fact that thre­
onine, which can in principle also be phosphorylatcd, is in 
general a very bad target as compared to serine, when included 
within identical sequences [33, 34]. Also the absence of otAt 
in the hedgehog [12] is obviously due to replacement of Ser-
122 by proline; apparently the presence of Ser-123 in this 
animal is no acceptable substitute for the normal site of 
phosphorylation. All other investigated mammalian species 
in principle fulfil the sequence requirement to phosphorylate 
the otAj chain; nevertheless, the presence оГаА, varies greatly 
among different mammalian species [12, 23]. It is virtually 
absent in, for instance, elephant a-cryslallin, despite the pres­
ence of the same substrate sequence as in the calf [ 12], whereas 
it reaches a level of over 50% in the horse [20]. Both the cause 
and the meaning of this variation still remain obscure. 
The poor cleavage by trypsin at Arg-l 19 and thermolysin 
at Val-124 of the bovine otA, chain seems to be the result 
of the phosphorylatcd serine residue at position 122. The 
complete obstruction of trypsin cleavage at lysine or arginine 
due to the presence of phosphoscrinc two amino acids to the 
С terminus of these basic residues has indeed been described 
[35, 36]. 
The site of phosphorylation of the В chain of x-crystallin 
has nol yet been elucidated. Although the same cluster of 
basic amino acids as in aA is present, bovine xB lacks the 
serine residue at the third position C-terminal from this cluster 
[37]. Considering the substrate specificity for cAMP-depen-
dent protein kinases [30] the phosphorylation site of the xB 
chain should be predictable. The most suitable candidate is 
Ser-153, which is preceded by an Arg-Lys sequence at 
positions 149 and 150 [37]. However, neither a diltcrence in 
elution time, after separation on reversed-phase HPLC, nor 
a difference in electrophoretic mobility at pH 6.5 could be 
detected for the tryptic peptide Tl 7, containing Ser-153 of the 
iB, and aB, chains (C. V., W. de J., unpublished results). 
Further investigation is required to determine the site at which 
the ocB chain is phosphorylatcd in vivo and in vitro. 
Because of the ratio of phosphate found in A, and B, 
subunits of a-crystallin, it can be definitely concluded that 
both polypeptides, containing one phosphate residue per 
chain, are solely the result of phosphorylation and not of 
two dcamination steps as previously proposed [6, 15]. This, 
however, does not necessarily imply that deamidation of 
a-crystallin does not occur. Indeed, there are many instances 
where a single charge change of the A2 subunit can be ob­
served, most clearly in several reptiles and all investigated 
birds [23]. Also in calf and other mammalian a-cryslallins a 
minor subunit, intermediate in charge between яАг and lA,, 
is consistently present [12, 20, 23]. This component indeed 
increases under in vitro incubation conditions which favour 
deamidation [6]. The nature of this posttranslalional 
modification deserves further characterization. 
Concerning the possible function of the cAMP-depcndent 
phosphorylation of з-crystallin Spector and colleagues [4] 
have suggested an interaction of the phosphorylatcd 
a-cryslallin with membrane and matrix structures. However, 
Ramaekers et al. [38,39] demonstrated that newly synthesized 
аАг chains do interact with plasma membranes. These results 
suggest that phosphorylation of a-crystallin per se is not 
required for this interaction. Since the functional role of 
a-crystallin itself in vertebrate eye lenses is still not clear, it is 
not possible to indicate what elTects the phosphorylation of 
this protein might bring about. In view of the fact that in vivo 
phosphorylation of i-crystallin occurs to different extent in 
most mammalian species, but appears to be absent in other 
vertebrate classes, the functional significance of this phos­
phorylation, if any, cannot be of general importance. 
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SUMttRY 
Phosphate content determinations established that two phosphorylations of 
otB-crystallin can occur in vivo in bovine lenses. Comparison of tryptic 
digests of phosphorylated and unphosphorylated oB chains, revealed the 
location of the two phosphorylation sites in tryptic peptides T2 and ТЗ· 
Thermolytic digestion and gas-phase sequencing demonstrated that Ser-19 and 
Ser-45 are the In vivo phosphorylation sites of bovine aB-crystallin. This 
pattern of phosphorylation differs from the previously reported in vitro 
obtained results. 
INTRODUCTION 
α-Crystallin is an abundant protein in the eye lenses of most vertebrates. 
It occurs as large aggregates, composed of two types of 20 kDa subunits, otA 
and oB, which show a sequence homology of approximately 57% (1). o-Crystallin 
is evolutionarily related with the small heat shock proteins (HSPs) (2), 
which makes it conceivable that these proteins share certain functional 
properties, probably related with stress-resistance (3). It has recently been 
found that otB-crystallin is also present in certain non-lenticular tissues, 
notably in heart (4, 5), and at increased levels in scrapie-infected brains 
(6) and astrocytes of patients with Alexanders disease (7). In mammals both 
a-crystallin and small HSPs can be phosphorylated in vivo (8 - 11), which may 
relate to their functional properties. The in vivo and in vitro 
phosphorylation site in aA is Ser-122 (9, 12). In aB-crystallin at least two 
different serine residues can be phosphorylated by incubation of lenses with 
32P-orthophosphate (13). We now identified the in vivo phosphorylation sites 
of bovine aB-crystallin. 
MATERIALS AND METHODS 
Isolation and characterization of a-crystallin subunits. 
a-Crystallin was isolated from bovine lenses (4-5 years old) by gel 
permeation chromatography on Ultrogel AcA 34 (LKB), and subunits were 
separated by ion exchange chromatography on CM-52 (14) or by 
chromatofocussing on MonoP (Pharmacia)(15). Purity of the peaks was checked 
by alkaline urea slab gel electrophoresis (16). The different oB chains were 
digested with trypsin (Worthington), and the resulting peptides were 
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separated by paper electrophoresis and chromatography (14). Peptides were 
located with fluorescamine and eluted with 5% acetic acid for amino acid 
analysis. Preparative isolation of the large "core" peptide T3, for phosphate 
content determination, was performed by gel filtration over Sephadex G50 
superfine, where T3 coelutes with T16 (14). Pure T3, for subdigestion and 
sequence analysis, was obtained by reversed-phase HPLC (RP-HPLC) of tryptic 
digests, using a 300-RP-8 column (Merck), eluting at a flow rate of 0.8 
ml/min with a gradient of acetonitrile (RathburnMO to 100% in 100 min) in 
0.1% trifluoroacetic acid (Pierce). T3 was further digested with thermolysin 
and the resulting peptides were separated by RP-HPLC, using an RP-18 column 
(Merck) and a gradient of acetonitrile as indicated in the figure. 
Sequence determinations, to identify the phosphorylated serine residues, 
were performed on an Applied Biosystems Model 470A gas-phase sequencer 
equipped with an on-line PTH amino acid analysis system. The almost 
quantitative conversion of phosphoserine residues into the PTH-DTT -
dehydroalanine adduct during gas-phase sequencing (17) was used for positive 
identification of the exact position of the phosphorylated serine residues. 
Miscellaneous methods. 
Cyanogen bromide cleavage was carried out according to standard 
procedures. The resulting fragments were separated by gel permeation 
chromatography on Sephadex G50 superfine (14). The phosphate content of 
proteins, CNBr-fragments and peptides was determined according to the 
procedure of Fiske-SubbaRow, modified by Broeckhuyse (18). Amino acid 
analyses after hydrolysis in 6 N HCl were carried out on an LKB Alpha Plus 
amino acid analyser. 
RESULTS AND DISCUSSION 
The in vivo occurrence in bovine lenses of monophosphorylated oB-
crystallin (aB[p] or αΒι, according to older nomenclature) had already been 
established by phosphate content determinations (8, 9). In the latter study 
in vitro phosphorylation of bovine lens homogenates also revealed a minor, 
apparently double phosphorylated аВ chain (oiB[2p]). A putative oB[2p] protein 
can actually be observed in 4-5 years old bovine lenses, corresponding with 
the OBQ chain reported by van Kleef et al. (19). We now isolated this protein 
by chromatofocussing, and found indeed approximately 2 mol phosphate/mol 
polypeptide (Table I). 
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* PTH-DTT: phenylthiohydantoln-dithiothreitol 
Table I. Phosphate content of oB-crystallln subunits, 
CNBr-fragnents and tryptlc peptide mixture T3A16. The 
amount of prote in or fragment used for phosphate 
measurements was determined by amino acid analysis. 
Values are presented as the molar rat io of phosphate to 
protein subunlt or CNBr-fragment. In the case of T3/TI6, 
phosphate content is given in mol phosphate/mol ТЗ-
phosphate content 
OB 
oB[p] 
aB[2p] 
CNBr I aB[p] 
CNBr II aB[p] 
T3/T16 oBCp] 
Ο.ΟΙ 
1.06 
2.13 
0.99 
0.03 
0.67 
16, 
¿.7 
Ö 
¿OX 
ОосГо'
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,Ο ο
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,ιθ00*
: 6 О ' .20 
Д22Б 
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timefmin] 
Figure 1: A. Peptide map of tryptic digest of bovine aB-crystallin. All 
peptides were identified by amino acid analysis. Numbers indicate the order 
of the tryptic peptides in the bovine aB chain (14). 2A corresponds with 
unphosphorylated T2 and is present in aB and aB[p], whereas 2B corresponds 
with the phosphorylated form of T2 and is present in oiB[p] and oB[2p]. 
B. Part of the elution profiles on RP-HPLC of digests from aB (-·-), аВ[р] 
( ) and аВ[2р] ( — ) . ЗА corresponds with unphosphorylated ТЗ. 3B with the 
phosphorylated form of T3. 
The aB chain can thus be phosphorylated in vivo at two different sites, 
which we set out to identify by comparative peptide mapping of аВ, аВ[р] and 
аВ[2р] (Fig. ΙΑ). The only difference between the peptide maps of otB and 
aB[2p] is the anodal shift of peptide T2 in οιΒ[2ρ], in agreement with a 
change in charge induced by phosphorylation of a serine residue. Indeed, gas-
phase sequencing of T2 of aB[2p] revealed the sequence Arg-Pro-Phe-Phe-Pro-
Phe-His-Ser-Pro-Ser-Arg and demonstrated the presence of a phosphoserine at 
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position 19 (underlined). In αΒ[ρ] T2 is present in both charge forms, 
indicating that the single phosphate moiety in αΒ[ρ] can be attached at 
different serine residues. 
The second phosphorylation site might be present in T3, which is the only 
peptide lacking on the peptide maps, owing to its insolubility in the 
electrophoresis-buffer. Phosphate content determinations revealed that the 
phosphate moiety in oiB[p] is exclusively present in the N-terminal CNBr-
fragment, comprising residues 1-68, whereas the mixture T3/T16, isolated by 
gel filtration, contains approximately 0.7 mol P/mol T3 (Table I). Combining 
these results it is clear that most of T3 is indeed present in a 
phosphorylated form in αΒ[ρ]. T3 could not be isolated from aB[2p] in 
sufficient amounts for phosphate determinations. 
Because T3 contains 5 serine residues further identification of the 
phosphorylation site was necessary. We therefore isolated this peptide from 
total tryptic digests of the three aB chains by RP-HPLC (Fig. IB). A clear 
difference in elution time exists between T3 of aB (peak A) and of аВ[2р] 
(peak B), whereas T3 of oiB[p] contains both peaks, A and B. This suggests 
that peak A represents the unphosphorylated form of T3, and peak В the 
phosphorylated T3. Both forms of T3 were further digested with thermolysin 
and the resulting peptides isolated by RP-HPLC on an RP-18 column (Fig. 2). 
The differences in elution profiles can be attributed to incomplete cleavage 
of T3 from peak В at residues Leu-44 and Phe-47. The presence of P-Ser is 
indeed known to hinder the enzymatic cleavage of adjacent sites (9, 20, 21). 
Since Thl, Th2 and Th6 from peaks A and В have identical retention times, the 
phosphorylation site obviously must be located in the large peptides ТЬЗ-Ч-5 
and ТЬЗ'-Ч-б. Gas-phase sequencing of these peptides from the aB[p] chain 
revealed unambiguously a phosphorylated serine residue at position 45 in both 
cases (Fig. 2). oß-Crystallin can thus be phosphorylated at two sites in 
vivo, namely at Ser-19 and at Ser-45. oiB[2p] is completely phosphorylated at 
both sites, whereas oBtp] is a mixture of otB[p45] and αΒ[ρ19], with Ser-45 
being the major phosphorylated residue in this subunit. 
In contrast to aA-crystallin, where the major in vivo phosphorylation site 
is identical to the in vitro one (9, 12, 22), a difference exists between the 
in vivo and in vitro phosphorylation sites of аВ-crystallin. Chiesa et al. 
(13) identified two phosphorylation sites in aB after lens incubation in 
medium containing 32P-orthophosphate: a major site at Ser-59 and a minor site 
at Ser-43 and/or Ser-45. With in vitro incubations of aB-crystallin in the 
presence of cAMP-dependent protein kinase we also detected major labeling of 
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Figure 2: Elution profiles of thermolytic peptides from the unphosphorylated 
(A) and phosphorylated (B) form of tryptic peptide T3 and its amino acid 
sequence (C), according to van der Ouderaa et al. (14). Thermolytic peptides 
were fractionated by RP-HPLC and identified by amino acid analysis. Peptides 
•№3-4-5 and Th3'-4-5, instead of Th3, 3', 4, 4-5 and 5, were only obtained 
from phosphorylated T3, indicating hindrance of cleavage due to the presence 
of phosphoserine (*). 
tryptic peptide TU, comprising Ser-59 (C.V., W.W. de J., unpublished 
results). However, in native aB[p] chain no phosphorylation of Ser-59 could 
be detected. Differences between in vivo and in vitro sites of phosphor­
ylation have also been demonstrated in other proteins (23, 24). 
The functional iiiplication of the phosphorylation of o-crystallin, if any, 
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is still completely unclear. Although a sequence homology of approximately 
57% exists between the bovine oA and oB subunit, the phosphorylation occurs 
in different parts of these proteins. Moreover, phosphorylation is by no 
means a universal characteristic of vertebrate a-crystallins (9). However, 
the fact that dephosphorylation of ctA[p]-crystallin can occur in lens 
epithelial cell extracts, favours the notion that the phosphorylation of a-
crystallin is a raetabollcally controlled reversible process relating to its 
biological function (25). 
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The major posttranslalional modification product of aA-crystallin from chicken eye lenses has one more 
negative charge than the corresponding pnmary gene product These polypeptides were compared by pep­
tide mapping after tryptic digestion and cyanogen bromide cleavage, and the charge difference could be 
located in a peptide, comprising residues 146-150 of the amino acid sequence of aA-crystallin. Subsequent 
enzymatic hydrolysis with aminopeplidase showed thai asparagine at position 149 of the pnmary gene 
product is replaced by aspartic acid Two-dimensional gel electrophoresis of total lens homogenates from 
chickens of different ages revealed an age-dcpendcnl increase of the deamidaled aA-subunit. 
Crystallin; Deamidation; Age dependence; (Eye lens) 
1. INTRODUCTION 
As a result of its unique growth pattern the eye 
lens retains its proteins throughout the entire life 
span of the animal, and therefore provides an 
especially useful system for the study of ageing 
[1,2]. Posttranslalional modifications of lens pro­
teins have most thoroughly been studied in a-
crystallin [3-5], which is a major structural protein 
in almost all vertebrate eye lenses. It has a relative 
molecular mass ranging between 4 χ IO5 and 9 χ 
IO5, and is composed of two types of polypeptide 
chains, α-A and au, which are 173 and 175 residues 
in length, respectively, and show approx. 57% se­
quence homology [4,6]. 
Although deamidation has been proposed to 
contribute to the observed charge heterogeneity of 
ff-crystallin chains [3], it has recently been proved 
that the major posttranslalional products in bovine 
CT-crystallin, α·Αι and αΒι, which have two more 
negative charges than the corresponding primary 
gene products «Аг and айг, are in fact derived 
from аРч and аЪг by cAMP-dependent 
Correspondence address: W.W. de Jong, Department of 
Biochemistry, PO Box 9101, 6500 HB Nijmegen, The 
Netherlands 
phosphorylation [7,8]. Yet, in birds and most 
lower vertebrates, the difference in charge between 
a\ and its major posttransiational product is only 
- 1 [9], which therefore cannot be the result of 
phosphorylation, and deamidation might indeed 
be responsible in this case. Here, we analyse the 
major in vivo posttranslalional modification 
product of crA-crystallin of the chicken, and 
demonstrate that it differs from the primary gene 
product by a replacement of aspartic acid for 
asparagine at position 149. In addition, we 
describe the age-dependent increase of the 
deamidation of chicken aA-crystallin. 
2. MATERIALS AND METHODS 
Chicken eye lenses of different ages were ob­
tained from the Central Animal Facilities of the 
University of Nijmegen, School of Medicine. The 
5- and 10-year-old chicken eyes were provided by 
K. Jansen, Uhcoten. The lenses were homogenized 
in 2 vols buffer (50 mM Tris-HCl, 50 mM NaCl 
and 1 mM EDTA, pH 7.6) and subsequently used 
for either isolation of «»-crystallin subunits as in [9] 
or two-dimensional gel electrophoresis according 
to O'Farrell [10]. 
The chicken α-A subunits were digested with 
Published by Elsevier Science Publishers В V. (Biomedical Division) 
00I45793/87/J3.50 о 1987 Fedcralion of European Biochemical Socieues 
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trypsin and the resulting peptides were separated 
b> high voltage paper electrophoresis at pH 6 5, 
followed by descending chromatography, as 
described [11] Cyanogen bromide cleavage of 
tryptic peptide T18 was carried out according to 
standard procedures Digestion of peptides with 
ammopeptidase M (Boehrmger) occurred for 24 h 
at 37°C in 100μ\ of 0 1 N NbUHCO,, pH 8 9, 
containing about 50 nmol peptide and 0 02 mg en 
zymc Amino acid analyses after hydrolysis in 6 M 
HCl or after digestion with ammopeptidase M 
were carried out on an L KB Alpha Plus or an LC 
6001 Biotromk amino acid analyser 
3 RESULTS AND DISCUSSION 
«-СгуЫаІІіп of chicken and other birds contains 
in addition to the major ah and er В chains a minor 
acidic subunit, which has only a single charge dif­
ference with the major o-A band [9] The major αΆ 
chain and the minor acidic subunit were isolated 
from a-costallin of 4 month old chickens, where 
they occur in a ratio of approx 5 1 Tryptic pep­
tide maps of the two chains were identical, apart 
from a change in mobility of a single peptide 
(fig 1) The ammo acid compositions of all cor­
responding peptides were also found to be identical 
(not shown), and the difference peptide was iden­
tified as T18, comprising residues 146-163 of the 
o-A chain [12] The difference in mobility [13] in­
dicates that T18 has one more negative charge in 
the minor chain than in o-A Since chicken o-A is 
encoded by a single copy gene [14] these results 
confirm that the minor acidic chain is a post 
translational derivative of »A The peptides 14, T9 
and T17 were not recovered under the conditions 
used, but since T18 is quantitatively displaced on 
the peptide maps of the two chains, this change 
completely accounts for the charge difference be 
tween o-A and its isoform, and excludes the 
presence of additional charge differences between 
the two chains 
To further localize the charge difference in T18, 
this peptide was cleaved with cyanogen bromide, 
resulting in two fragments, T18a and T18b, which 
were separated b> high-voltage paper elec­
trophoresis and chromatography (fig 2) This 
revealed that the change in charge is located m 
Τ 18a, comprising residues 146-150 Val Pro-Ser-
Asn-Met The fact that the amino acid composi-
Φ в ö 
XT 
σ 
σ Ο" 
σ" 
ο"
5
'
6 
ο 
- I - ELECTROPHORESIS 
Fig 1 Peptide map of tryptic digest of chicken aA 
crystallm The arrow indicates the displacement of T18 
(dashed) derived from the minor acidic chain 
lions after acid hydrolysis of the different pep­
tides were identical suggests that an Asn/Asp 
difference is involved Subsequent hydrolysis of 
total T18 with ammopeptidase M indeed revealed 
the presence of asparagine in T18 from a A, but 
not in that from the minor ο·Α chain Since the en 
/ymatic hydrolysis was incomplete, no integral 
values were obtained However, 50 nmol T18 
yielded 23 nmol Asn and 1 6 nmol Asp in the case 
0 
Q. ι 
4
 I 
1 Sa HSL 
О 
о 
еа HSL 
О». 
У О" 
I ELEC'ROPHORESIS 
Fig 2 Separation of the cyanogen bromide fragments of 
tryptic peptide T18 from »A (A) and from the minor 
acidic chain (B), using high voltage paper electro 
phoresis (pH 6 5) followed by descending chromatog­
raphy Peptide T18a comprised residues 146-150 of the 
n\ chain, and occurred in the homoserine (HS) and the 
homoserine lactone (HSL) form, peptide T18b 
contained residues 151-163, »hile some unfragmemed 
T18 (residues 146 163) remained 
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FigJ. Two-dimensional цеі electrophoresic ранет· · of 
chicken lens proteins, lolal lens extracts from chickens 
ol age I) |Л), 0.3 (B), 1 (C ), 5 (υ) аікі 10 I I ) years arc 
compared. Arrows indicate the increasing amounts ol 
the deamidaled subunit «A 149 Asp, ne\t to the noi mal 
α-Α subunit. C'onspieuoiis changes in proportion and 
position ol othei crystalhn subunits, identified in panel 
A, also occur with age. 
of ii-A, while from its acidic isoform 10.6 nmol 
Asp and no Asn at all could be recovered. From 
these results it is clear that the charge difference 
between the two « A chains of the chicken is due to 
deamidalion ol asparagine at position 149. I he 
minor riA subunit of chicken can thus be 
designated as cfA149-Asp. 
All biids, reptiles and amphibians investigated 
have asparagine at position 149 of the aA chain 
[12,15,16], while an isoform of α Λ with one addi 
tional negative charge is often present in these 
species [9]. It Ihereforc seems likely that deamida­
lion of 149-Asn is widespread in these lower 
vertebrale classes, while phosphotylat ion of α λ is 
presumably restricted to mammals |8] Among the 
mammals invesligaled only the opossum has 
asparagine at position 149 |11], and strikingl) 
enough this is also the onlv mammalian species 
with pronounced amounts of a possible one-step 
cleamidation form of n-A. 
Lens proteins from chickens of ditferent ages 
were compared to establish whether deamidal ion 
of I49-Asn in a A increases with age. l o avoid 
handling artefacts whole lens homogenatcs were 
subjected directly to two dimensional gel elee 
irophoresis (flg.3). The stead) increase of 
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№ΛΙ49 Asp as compared lo normal α Ά , I rom be­
ing almost absent at hatching to the predominant 
torni al 10 years, clcarh demonstrates that this 
deamidat ion is an age dependent process in 
chicken lenses Increasing deamidat ion in ageing 
proteins has been documented for cytochrome с 
[17] and aldolase Л [18], and has been suggested 
for other proteins [19] 
Deamidation ot proteins has been proposed to 
p r o u d e molecular timers for development, turn­
over and ageing of proteins and cells [19] In a few 
cases the deamidat ion ot specific asparaginc 
residues has been associated with changes in pro­
tein function [20] and it has been proved that in 
vitro deamidated peptides and proteins are 
substrates for the enzyme carboxymcthyl 
t iansferase [21] It is therefore of interest to ex­
plore further the structural and functional 
implications of deamidat ion of a crystalhn 
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Cleavage of specific peptide bonds occurs with aging 
in the aA subunit of bovine a-crystallin. One of the 
breaks occurs at residue Asn-101. This same residue 
undergoes in vivo deamidation, isomenzation, and rac-
emization. Deamidation and isomerization are known 
to occur via succinimide ring formation of labile as-
paragine residues. Model studies on peptides have 
shown that imide formation can also lead to peptide 
bond cleavage (Geiger, T., and Clarke, S. (1987) J. 
Biol. Chem. 262, 785-794). In that case, both aspara-
gine and aspartic acid amide would be expected as С 
termini of the truncated polypeptide, and this is indeed 
the case in the aA-(l-101)-chain. This thus represents 
a first example of nonenzymatic in vivo peptide bond 
cleavage in an aging protein through the formation of 
a succinimide intermediate. In addition, we found that 
in bovine lens no detectable conversion (through the 
action of protein-carboxyl met hy Urans f erase) of isoas-
partyl to normal aspartyl residues occurs in vivo after 
deamidation of Asn-101. 
Aging of proteins is associated with a great vanetv of 
structural modifications (Adelman, 1985, Rechsteiner et al, 
1987, Zappia et al, 1988) These modifications result in altered 
and usually impaired functional properties and are often 
signals that trigger protein degradation (Rivett, 1986) Un 
derstand ing the nature and causes of aging processes in pro­
teins is therefore of great importance for insight into the 
molecular basis of cellular and organismal senescence The 
vertebrate eye lens constitutes, due to the longevity of its 
proteins, a very suitable model for studying age related mod­
ifications of proteins (Zigler and Goosey, 1981, Hoenders and 
Bloemendal, 1983, Harding, 1985, Spector, 1985) Such mod­
ifications have most thoroughly been studied in a crWaltin 
(Van Kleef et al, 1975, Harding and Crabbe, 1984, Spector 
1985), which is a major structural protein in vertebrate e\e 
lenses The ctA and oB subunits, which together lorm the 
polydisperse globular « crystallin particles, are 173 and 175 
residues in length, respectively, and show approximatelv ñ7cí? 
sequence homology (see Bloemendal (1981) and Harding and 
Crabbe (1984) for reviews) Of particular interest is the evo 
lutionary relationship of α-crystallm and the small heat-&hock 
proteins (Ingoha and Craig, 1932, De Jong et al, 1988) Like 
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я-crystallin, the small heat-shock proteins form large aggre­
gates, and part of the subunits are phosphorylated (Arrigo 
and Welch, 1987, Regazzi et al, 1988) 
We recently reported the age dependent deamidation of 
chicken aA crystallin (Voorter et al, 1987) Spontaneous 
deamidation of asparagine residues is one of the most preva­
lent modifications known to affect aging proteins (Robinson 
and Rudd, 1974, Harding, 1985) In vitro studies have shown 
that deamidation of asparagine residues occurs via formation 
of a succinimide ring, which upon hydrolysis yields a mixture 
of normal <md β isomenzed aspartyl residues (Bornstem and 
Bahan, 1977, Geiger and Clarke, 1987) (Fig 1) This process 
is accompanied by significant racemization (Geiger and 
Clarke, 1987) It has recently been noticed that in certain 
model peptides, depending on the sequence, succinimide for­
mation can аіьо result in peptide bond cleavage at physiolog 
ical pH (Geiger and Clarke, 1987) This mechanism might be 
expected to contribute to the modification and degradation of 
aging proteins In fact, one of the modifications observed in 
lens proteins is the progressive, age dependent cleavage of 
specific peptide bonds in bovine aA-cr>stallin (Van Kleef et 
о/, 1975) One of these cleavages occurs after Ачп 101 These 
cleavages were thought to be nonenzymatic in origin, although 
no mechanism could be proposed at the time We now dem­
onstrate that not only peptide bond cleavage but also deami­
dation, isomenzation, and racemization occur at Asn-101, 
which can only be explained by the involvement of succim 
mide ring formation 
EXPERIMENTAL PROCEDURES 
Rovine e\e lenses of different ages were obtained through the 
Central Animal Facilities of the University of Nijmegen, School of 
Medicine 
halation and Dtfje^tion of a Cn stallin Subunits—The or crystallin 
subunit troni bovine lenses were isolated from the water-soluble 
fraction b\ gel permeation chromatography on Ultrogel AcA 34 
(l'harmiìcia LKB Hioiechnologv Ine ) followed bv ion exchange chro 
mat »μπφΐιν on DKAb iellulo»e (Whatman ΠΕ32) as described pre 
юичі (De Jong t i ai 1984) The nA subunits were digested with 
іг рчп, and ihe resulting peptides were separated hv high voltage 
paper electrophoresis el pH 6 'i, followed by descending chromatog 
raphv Peptides were visualized with iluoreecamine and eluted for 
amino and analvses (Van der Ouderaa et al, 197 4) Digestion of 
peptides with aminopeptidase M (Boehrmger Mannheim) occurred 
as debcnbed (Voorter et al 1987) 
hi Vitro Deamidation of aA Cmtalltn—aA crvstalhn subunits 
неге incubated at a concentration of 10 η mol/150 μΙ in 0 1 M sodium 
phosphate buffer pH 7 4, at 70 "C (Geiger and Clarke, 1987) The 
incubations were terminated at different time intervals by Ivophili-
zation and samples were analyzed bv alkaline urea and SDS' gel 
electrophoresib Samples incubated for 190 h were used for tryptic 
peptide mapping 
Апа/\м\ of Aspartic Acid Enantiomers—TYie D Asp/L Asp ratios 
1
 The abbreviation used is SDS sodium dodecyl sulfate 
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Fu. 1 P a t h w a y s tor spontaneous 
dra mi dal ion, isomonzation, and 
p^pltdr bond elea\ age al labile ая-
paraf(<ne residues (ƒ) Svmimniide 
ring (nrniRiion usuftll\ pntniN attack of 
(he к annnn group of thecarl>ox\l ammo 
in d гечгіне on the rarl)on>l carbon of 
)hf nspnrdtiinvl residue (/Л H\drok4is 
• if iht (Vtlic imide £пеі ti isomen/ed 
п>р(ігі\І (/\ ) and normal aspaml (V) 
residues tvpicalk in a ratio of 70 40 
iHornstem and Bahan 1977 Aswad and 
lohibon 1C)S7 deiner and Clarko 19Й7) 
Alternat i\civ the ιί amide nitrogen can 
attai к the peptide bond carboml result 
ing in cleavage jnd the formation of a 
f' terminal luccmiimde ШІ) (Geiger 
nid Marke 1987) Hydrolysis of the la 
hile suit mimide would then he expected 
to vH?)d ( terminal asparagine ( V I) and 
départ κ ytitl ¿mide (VII) The asterisk 
mduatet. the preferential hvdrolysis of 
tlu siKCinimide (7//) between the pep 
tide bona (,ат\юп\1 and the β amide ni 
trogen resulting in С terminal аьрага 
(¡ine ( Vii 
ol peptides were determined bv high pressure liquid chromatography 
annUsis after acid hvdrolvsis and conversion into diastereomers as 
described (Van den Oetolaar et al 19M7) No corrections for back 
¿round racemization were made because the гасеь 7ation rate of 
aspnrtvl residues during acid hydrolysis strongly depends on their 
local environment (Clarke 1987) In this study we used the free 
ι mino at ids l Asp and l Asn (Merck) peptide T6 trom the aA 
sulnmit and-) globulin to determine background racemization which 
did not exteed 3 rr 
Xfiiccllaneoiti Method·*—SD4 gel electrophoresis was performed 
according to Laemmh (1970) and alkaline urea slob gel electropho 
resis (t0r<· resohing Vc stacking gel) wa* earned out as previously 
described for disc gels (Bloemendal 19R.Ï) Immunoblotting was per 
formed with a monoclonal antibody against the aA subumt (Hendrike 
et al 1%M after alkahne urea цеі electrophoresis of total water 
soluble lens proteins Amino acid anaKses after hydrolvsis in б M 
HCl or after digestion with ammopeptidase M were earned out on a 
l'hormocia I KB Bmtechnologv Ine Alpha Plus amino acid analyzer 
Asp NIH¿ obtained from tnzymatic peptide hvdrolyentea was iden 
tified b\ coflution with authentic ι aspartic acid amide (Bachern 
Biibendort Switzerland) using the program for protein hydrolv^ates 
Fdman degradation wa^ perlormed on a gas phase sequcnatnr (Nelh 
erlands Foundation for Chemical Research Gas Phase Sequenator 
Facility State I niversity of loeiden Leiden The Netherlands) 
RESULTS AND DlbCLbMON 
Isolation of Demmdated and Truncated c*A Chains—Upon 
alkaline urea gel electrophoresis of bovine a cr>stallin (Fig 
2A, Utne I ) a minor component can be observed that has one 
additional negative tharge us compared with the normal tvA 
stihumt, possibly due to deamidation Thit. component could 
l)e enriched by anion exchange chromatography, eluting lie 
tween the «A subumt and its phosphorylated form (αΑρ) 
filectrophoretic analysis of this intermediate iraction showed, 
in addition to the possibly deamidated aA chain, the presence 
of two degraded lorms of the «A chain (aA (1-151) dnd лА 
(1-101)) as judged by alkaline urea and SDS gel electropho 
resis (Fig 2, A, lane 3, and fí, lane 2) Further purification 
was not attempted because the presence of the well charac 
tenzed truncated aA (I 151) and aA (1 101) chains (Van 
Kleef et al, 1976) does not interfere with the interpretation 
oí the tryptic peptide map 
Demonstration o/ Deamidation and Isomenzation—Com 
fSr ' · | 
* *
 A **- mm 
FK, 2 Gel electrophorctic pat terns of deamidated and de-
graded «A-crystallm A alkaline urea gel electrophoresis at pH 
8 г) (b ч urea) of bovine a crystalhn (Urne 1, 1 5 vears old) which ie 
inainK composed ot the primary gene products «A and «B and their 
photphorvlated forms «Ар and aB, (Spector eí al 1985 Voorter et 
al 198Ь) Аггоич indicate the deamidation products of normal and 
phosphorvlated «A subunits Lane 2 purified aA chain, lane 9 
fraction enriched in the deamidated aA*4" ' ' subumt The latter 
fraction also contained truncated «A (1-101) and «A (1 HI) 
chains fl SDS gel electrophoresis of the normal «A chain [lane Ï) 
and of the fraction ennthed in the deamidated ttA chain (lane 2, cf 
A lam ƒ) Molecular size markers are indicated (vn kilodaitona) C, 
age dependent increase of deamidated «A chains revealed by immu 
noblotting with a monoclonal antibody against the «A subumt (Hen 
dnks ri al 19НЯ) after alkaline urea gel electrophoresis of total water 
soluble proteins of call lens (b months old) cortex (lane ¡) nucleus 
{lane 2) and of Ьомпс lens (1 r> vears old) cortex liam Ί) and nucleus 
ilane 4) The armu indicates the deamidation product of the tïAp 
subumt 
pan son ol trvptic peptide тарь of the normal oA subumt and 
the intermediate fraction revealed five additional peptides in 
the latter digest (Fig .1) Peptide A, containing lie, Pro, Ser, 
Glv Val, and Asp, was identified as the С-terminal peptide of 
the aA (1 ΙΉ) chain Peptides D and E, which were found 
in a ratio of 42 53, had after acid hydrolysis, a composition 
(His, Asp) corresponding to the С terminus of the aA (1 
101) chain and were found in two charge forms, an unex­
plained finding that was reported earlier (Van Kleef et al, 
1476) Peptides Β and С both had the same amino acid 
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Electrophoresis 
PiC І Peptide map of fractiun containing in vivo deumi 
dated . \ λ"' ' vubunit and truncated иЛ-{1-101)- and «A-(l-
lÔD-chains {cf. Fig. 2, Л. lane 3: and В. lane 2). The numbers 
indiente the order oi the tiyptk peptides in the normal (tA chain 
(VanderOuderaaei αϊ 1973) peptides T13 and П8 overlap. T2 and 
ΊΊ > are both freí arginine and Γ7-8 is noi clea\ed. Core peptides 
T4 Γ9 and ΊΊ 7 are nol present on liie map (Van der Ouderaa et αι. 
1973). In gra} are the additional peptides present in this digest, but 
not in that ul the normal iA snhimit Peptide A 'lie Pro Ser Gly 
Val Aspi is the С terminal peptide of the«A-(l L51)-chain Peptides 
BandCan the normal ind l-isomerized deamidated forms respec 
lively, ul peptide I 12 (His Asn GIu Arg) Peptide D is a mixture ot 
His i) Aan and Hi-, Asp NH and peptide К is Hi^  ι Aan 
compüsition after acid h\ droh sis íHis. Asp, Glu. Arg) as 
tryptic peptide T12 (positions 100 104. HisAsn Glu Arg). 
but were mure negative in charge (.а> |)h i->e sequencing of 
peptide В revealed the sequence His Asp (Hu Arg. and ami 
nopeptidase M digestion released these -1 amino acids in 
stoichiometric amounts demonstrating deamtdatiun of Аыі-
101. The unhindered Edman degradation and aminopeptidase 
digestion both prove that Asp-101 forms a normal peptide 
bond with Glu-102. In contrast, gas phase sequencing of pep 
tide (' was unsuccessful whereas aminopeptidase digestion 
released onlv histidine. This can be expected if Asp-101 in 
this peptide forms an isopeptide bond In addition, the ratio 
of peptide В und its isoaspartyl form С (38:62) is typical for 
the hydrolysis producís of' ,i succmimide intermediate (Born 
Stein and Bailan, 1977; Aswad and Johnson. 1987: Geiger and 
Clarke, 1987). The different mobilities oí peptides В and С at 
pH 6.5 must be due to difierences in charge of the imidazole 
group as a result of interaction with the J- or a-carboxyl 
group, respectivel\ ot the deamidated asparagine. 
Feptide Bond ( 'U m agi Ь\ Im de Intermediate—Succmimide 
ring format ion ¡s the only known mechanism {Di Donato et 
αι. 198(); Geiger and Clarke, 1987) that explains the post 
translational tormation oi aspartyl and isoaspartyl residues 
from asparagine II lias been found that asparagine residues 
in native proteins generallv exist m conformations in which 
the peptide bond nitrogen cannot approach the side chain 
carbonyl carbon to form a succmimide ring (Clarke. 1987). 
However, m tA crystallin, the side chain carbonyl of Asn Г01 
apparently has the proper orientation, perhaps trans enti\ r 
asa result of conformat и m al changes, tor such ring formation 
If a cyclic imide can occur ¡/7 ULO at this site and lead to 
deamidation. it is hkeK thai the altern u n e pathw ι IH m 
Pig II could give rise to peptide bond cleavage. Asparagine 
and aspartic add amide (Fig 1. \ /and 7Л should then both 
be present as С termini, and this would indeed explain the 
finding oí two charge forms oí the С terminal tryptic peptide: 
His Asn and His Asp \ H (Fig 5). Alter aminopeptidase M 
digestion, peptide E yielded histidine and normal asparagine. 
whereas peptide D appeared to he heterogeneous, forming 
histidine and both normal a&paragine and an ammo acid 
eluting at the position of authentic I.-aspartic acid amide. The 
presence of ('-terminal asparagine as well as aspartic acid 
amide thus shows that succmimide ring formation (Fig. 1, 
III) causes cleavage at Asn 101. The finding of C-terminal 
aspartic acid amide also excludes the possibility that an 
unknown specific protease might be responsible for the ap­
pearance of the iïA-(l-101)-chain. From the ratios of peptides 
D and E (42:58) and of Asn/Asp NH. m peptide D (70:30). 
hydrolysis of the imide ring (Fig. 1. Ill) occurs to the extent 
of 8 8 ^ between the peptide bond carbonyl and the ß-amide 
nitrogen (Fig. \. asterisk). 
Raeemization Because the succmimide ring facilitates rac-
emization (Geiger and Clarke. 1987). and racemi¿ation is 
known to occur in aging lens proteins (Masters et al. 1977; 
Garner and Spector. 1978), we also determined the D-Asp/ 
L Asp ratios in hydrolysates of peptides В E and T12. Pep­
tides В and С had D-Asp/L-Asp ratios of 16:84 and 6:94. 
respectively, both higher than that of normal T12 (3:97). 
Surprisingly, peptide D contained 709Ï l) Asp. compared with 
only '-,'' ¡n peptide E Together with the results of the ami-
nopeptidase cleavage, this is taken to indicate that peptide D 
is a mixture of His-D-Asn and His-Asp-NH¿. whereas peptide 
E is His ι Asn Siru e the presence of a free imide function in 
the cleavage intermediate (Fig. 1, ///) is the only difference 
compared with the deamidation intermediate (Fig. 1. //) . this 
tree imide may be responsible for enhanced raeemization and 
cleavage at the indicated bond (Fig. 1. astensk). giving rise to 
His I. Asn and His-D-Asn. 
In Vivo Aging—It is important to make sure that the 
described alterations in bovine rtA-crystallin are indeed the 
result of in vivo aging in the lens. Deamidation. especially of 
Asn-Gly sequences, is a common and notorious isolation 
artifact in proteins: and spontaneous cleavages do occur dur­
ing storage anti handling of peptides and proteins (Van Nis­
pen. 1987) However. Van Kleef et al (1975) convincingly 
showed that truncated the mA-d-lOU-chain increases with 
age. reaching a level of 179f of total α-crystallin chains m the 
old bovine lens nucleus. In addition, the level of deamidated 
ak chains shows an age-dependent increase in the bovine 
lens, as demonstrated by immunoblottingof the water-soluble 
fraction of bovine eye lenses of different ages with a mono­
clonal antibody against oA-crystallin (Fig. 2C). This mono­
clonal antibody is directed against the С terminus of the ak 
chain (Hendriks et al. 1988) and thus does not reveal the 
changes in truncated ak chains. Furthermore, prolonged in­
cubation under the mild conditions employed for the isolât ion 
of a-crystallin did not result in detectable increases in deam-
idated or degraded ((A subunits. It thus can be concluded that 
deamidation. isomerization. and peptide bond cleavage, 
A ' В 
• · 
• î » 
0 24 48 h 4 9 24 48h 
FIG, 4 /η ІЛ7ГО deamidation of «A-crystallin. A. alkaline urea 
gel electrophoresis "i ,,Α (hams incubated in 0.1 м sodium phosphate, 
pH 74. at 70 С (iieiger and Clarke. 1987) for different periods of 
time as indicated: И. SDS gel electrophoresis ot the same samples 
shown in A, The оггоц indicates an approximately 45 kDa non-
disLillide cross linked <iA dimer. 
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t h rough the format ion of cyclic i n t e rmed ia t e s , as depicted in 
Fig. 1, are nonenzymat i c in vivo processes in aííing u-crysta l -
lin. 
No liepairof ¡I'lsomerizedA^mrtyl Residues—The presence 
of d- isomerized aspar ty l residues a n d cleaved pep t ide bonds 
is probably d e t r i m e n t a l to t he s t ruc tu ra l and funct ional integ-
ri ty of a p ro te in . T h e in t e re s t ing proposa l has been made t h a t 
i soaspar ty l res idues may be conver ted to n o r m a l aspar ty l 
res idues th rough a " repai r" pa thway in which me thy la t ion by 
pro te in-carboxyl me thy l t r ans fe rase is t h e in i t ia t ing s t ep (As-
wad and J o h n s o n , 1987; J o h n s o n et al., 19Й7). S u c h a conver­
sion h a s indeed been d e m o n s t r a t e d to occur in vitro us ing (j-
isomerized p e p t i d e s a n d p r o t e i n s as s u b s t r a t e s (Aswad a n d 
J o h n s o n , 19Й7; J o h n s o n et at, 1987; M c F a d d e n a n d Clarke, 
1987; Gal le t t i et al., 19Я8). However, t h e actua l in vivo occur­
rence of such a p r o t e i n repair p a t h w a y r e m a i n s t o be estab­
lished. 
If indeed in vivo repai r of a n i soaspar ty l b o n d occurs, one 
should t lnd a lower iso-Asp/Asp rat io at t h a t p a r t i c u l a r posi­
t i o n in t h e n a t u r a l l y occurr ing d e a m i d a t e d p r o t e i n t h a n in 
t h e in vitro d e a m i d a t e d form. T h e ra t io 62:38 b e t w e e n t h e 
i soasparty l a n d aspar ty l forms of ш vivo d e a m i d a t e d Asn-101 
(see above) i n d i c a t e s that l itt le, if any, repair has occurred. 
In vitrt) d e a m i d a t i o n of bovine uA-cryslal l in was obta ined by 
i n c u b a t i n g t h i s s u b u n i t in 0.1 M sodium p h o s p h a t e , p H 7.4, 
a t 70 'C. T h i s resul ted in a t i m e - d e p e n d e n t increase of t h e 
d e a m i d a t e d o A subuni t , as judged by a lka l ine urea gel electro­
phores i s (Fig. 4 A ) . S D S gel e lec t rophores i s of t h e s e samples 
did not show detectab le pept ide b o n d cleavage after 48 h of 
i n c u b a t i o n (Fig. 4 ß ) ; in vitro pept ide bond cleavage has indeed 
been repor ted to be much less efficient t h a n deamida t ion 
(Geiger a n d Clarke , 1987). In teres t ingly , an approx imate ly 
45-kI)a non-disulf ide cross- l inked «A dimer becomes visible 
(Fig. 4 B , orruu1), which might be due to t he reac t ion of t he 
cyclic imide (Fig. 1, II) wi th an c a m i n o group of a n o t h e r «A 
cha in , a possibi l i ty al luded to by J o h n s o n a n d Aswad (1985). 
T r y p t i c pept ide m a p s of t he in vitro deamida ted oA chain , 
with subsequen t identif ication of t he pep t ides , revealed pep-
t ides В a n d С in a ra t io of 31:09. It t h u s a p p e a r e d t h a t t h e 
iso-Asp/Asp ra t io for d e a m i d a t e d Asn-lOl is not significantly 
lower in t h e in vivo as c o m p a r e d with t h e in vitro d e a m i d a t e d 
p r o t e i n (62:38 a n d 69:31, respect ively) . T h e r e is t h u s no 
evidence for effective in vivo repair of t h e i soasparty l b o n d in 
d e a m i d a t e d «A-crystal l in despi te t h e p r e s e n c e of prote in-
carboxyl m e t h y l t r a n s f e r a s e in bovine lenses ( M c F a d d e n et ui, 
1983). 
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ABSTRACT 
Incubations of chicken lens hemogenates with 
[ P}-ATP revealed the phosphorylation of a 28 M)a 
protein, and phosphoamino acid analysis of the 
phosphorylated protein showed the presence of 
phosphoserlne. The protein Is present In the 0-
crystallln fraction and after purification and 
partial sequence determination, by way of peptide 
mapping and subsequent amino acid analyses and 
Edman degradation, this 28 kDa protein was 
Identified as the f}B3-crystallln subunit, based on 
Its homology with the bovine and rat orthologue. 
From phosphate content determination it could be 
concluded that this chicken ßB3 subunit contains 
in vivo 2 mol phosphate/mol polypeptide. 
INTRODUCTION 
Phosphorylation, a conmon form of posttranslatio-
nal modification of proteins, has been demonstra-
ted In a large variety of eukaryotic systems, 
from fungi to manmals, and has been shown to play 
a key role In several cellular functions (e.g. 1, 
2). In the vertebrate eye lens, which is a very 
suitable tissue to study posttranslational 
modifications of proteins, the phosphorylation of 
several proteins has been established, including 
cytoskeletal proteins (3, 4), intrinsic irembrane 
proteins (5 - 9), membrane-associated proteins 
(10, 11) and o-crystallln (12 - Ш . During the 
investigation of the phosphorylation of o-crystal-
lin in different vertebrate species, we noticed 
the pronounced in vitro phosphorylation of a non-
α-crystallln protein in chicken eye lens hanogena-
tes, which might be a B-crystallln subunit. 
Although the ß-crystallins are the most 
prevalent crystal Uns In the mature eye lens, they 
have been less studied with respect to posttrans-
lational modifications than o-crystallln. This 
might be due to the cmplexity of their subunit 
composition. Based on their electrophoretlc 
behavior these subunlts can be divided into two 
groups, the acidic $A- and the basic BB-crystal-
lins (15, 16). They can associate to oligomers, 
varying f rem diiners and tnmers (0io„) to octamers 
( W (17)· 
Very recently the phosphorylation of bovine 
6B2-crystallln was reported (18). We here show 
that also In chicken eye lenses a O-crystallln 
subunit is phosphorylated, both In vitro and In 
vivo, and on the basis of amino acid and sequence 
determinations It is identified as the $B3 
subunit. 
MATERIALS AND METHODS 
Lens preparation 
Chicken eye lenses were obtained through the 
Central Animal Facilities of the University of 
Nijmegen, School of Medicine, and frozen at -20 С 
prior to use. The hemogenates, used for In vitro 
phosphorylation experiments, were prepared as 
described (13)· For isolation purposes the eye 
lenses were homogenized in gel filtration buffer 
(50 ntt Trls-HCl, 50 π« NaCl and 1 mM EDTA, pH 
7.6), centrlfuged for 20 min. at 15,000 g, and the 
supernatant fraction was applied onto a gel 
filtration column (Ultrogel AcA 31, LKB). The e L o u 
fraction was further used to Isolate the in vivo 
phosphorylated 28 kDa S-crystalHn subunit. 
In vitro phosphorylation 
The in vitro phosphorylation with chicken eye lens 
hemogenates was performed in a reaction mixture 
containing 20 mM imldazole-HCl, pH 7.1, 1 M 
MgCl2, 0.02 M CAMP (Boehringer) and 50 wM ATP, 
brought to a specific activity of 1 Cl/mnol with 
[Y- P]ATP (Amersham). Lens hooogenate was added 
to a final concentration of 1 mg/ml. The condi­
tions of incubation and termination of the 
© 1RL Press 
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reaction were as described previously (13). To 
determine the cAMP-dependency the phosphorylation 
reactions were carried out with and without cAMP 
and beef heart protein kinase inhibitor (Walsh 
inhibitor, type II, Sigma; 19). 
Isolation and characterization of the phosphory-
lated 28 kDa protein 
The 28 kDa protein was purified by separating the 
composing chains of the chicken S, fraction by 
ion exchange chromatography on carboxymathyl-cel-
lulose (CM 52, Whatman) using sodium acetate 
buffer, pH 5.0, in 7 M urea (20). To characterize 
the 28 kDa protein, tryptic digestion was [Mr-
formed as described (21). The resulting peptides 
were separated by high voltage paper electrophore­
sis at pH 6.5, followed by descending chromatogra­
phy (20). After visualization with fluorescamine 
the peptides were eluted with 51 acetic acid and 
used for amino acid analysis. Some peptides were 
used for sequence determinations on a gas-phase 
sequenator (Applied Biosystems). 
Miscellaneous methods 
SDS-polyacrylamlde gel electrophoresis was 
performed according to Laeoinli (22). Two-dimensio­
nal gel electrophoresis was carried out as 
described by O'Farrell (23). The dried gels were 
autoradiographed at -70oC with Kodak X-Qnat AR 
film, using intensifying screens. Phosphoamino 
acid analysis after in vitro phosphorylation was 
carried out as previously described (13)· Amino 
acid analyses, after hydrolysis In 6 N HCl at 
100oC, were performed on a LKB Alpha Plus Amino 
Acid Analyser. The phosphate content of proteins 
was determined according to both the malachite 
green method of Kodama et al. with satos minor 
modifications (24), as well as the procedure of 
Fiske-SubbaRow modified by Broeckhuyse (25). The 
phosphate stolchiometry was calculated on basis of 
the amino acid conpositlon of the 28 kDa protein, 
taking the number of amino acids as 210. 
RESULTS 
In vitro phosphorylation of chicken lens homo-
genate 
During the study of in vitro phosphorylation of 
lens proteins In various vertebrate species it 
appeared that in chicken lens homogenates, where 
a-crystallin is not phosphorylated, a very strong 
labeling occurred of a protein that at the time 
was estimated at 26 kDa (13)· Fig. 1 shows the 
analysis by two-dimensional gel electrophoresis of 
in vitro phosphorylated chicken lens homogenate, 
after incubation with cAMP, MgCl2 and [Т-^РЗАТР 
for 10 min. The Coomassle Blue-stained gel profile 
(Fig. 1A) and Its corresponding autoradiograph 
32 
(Fig. 1B) show the major ^"P-phosphate incorpora­
tion in three Coomassle Blue-stained components. 
Two of them, located in the region of the cytoske-
letal proteins, probably correspond with vimentln 
and the 17 kDa component of the beaded chain 
filaments, which both have previously been shown 
to be phosphorylated during in vitro incubations 
of chicken lenses (1, 26). 
The third major phosphorylated protein 
comigrates with a stained spot In the region of 
the B-crystallin subunits, and has a molecular 
weight which is now more accurately estimated at 
28,000, rather than the previous value of 26,000 
(13; Fig. IB, arrow, see also Fig. 2). As observed 
earlier (13), also a minor approximately 26 kDa 
component in the S-crystallln region becomes 
labeled (asterisk in Fig. 1B). This component does 
not clearly colocalize with any of the Coomassle 
Blue-stained subunits. The fact that the labeling 
of the 28 kDa protein exactly coincides with the 
stained spot, seems to indicate that also in vivo 
this protein is present in the phosphorylated 
state. Since phosphorylation can play an important 
role in a variety of cellular events (1, 2), 
further investigation of this 28 kDa phosphory­
lated lens protein seemed Justified. 
Phosphoamino acid analysis 
In order to get more information about the nature 
of the phosphorylated residue, we performed 
phosphoamino acid determination by partial 
hydrolysis of the in vitro labeled spot, eluted 
from the Polyacrylamide gel after two-dimensional 
electrophoresis. Thin-layer chromatography of the 
hydrolysate, together with reference samples of 
P-Tyr, P-Thr and P-Ser, followed by autoradlogra-
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Figure 1. Two-dimensional gel electrophoretic 
analysis of chicken lens homogenate after In vitro 
phosphorylation for 10 min. The Coomassie Blue-
stained gel (A) and the corresponding autoradio-
graph (B) are shown. The arrows point to the 
phosphorylated 28 kDa protein; V and Ц? are 
probably vimentin and a 47 kDa component of the 
beaded chain filaments, respectively (4, 26); the 
asterisk indicates the 26 kDa protein, slightly 
labeled after in vitro phosphorylation; 381 
corresponds with chicken ¡3B1-crystallin, identi-
fied by tryptic peptide mapping and amino acid 
analyses. 
S2 phy, revealed the presence of Ρ phosphoserine in 
the 28 kDa protein. 
cAMP-dependency 
To establish whether this serine phosphorylation 
is achieved by a cAMP-dependent protein kinase, we 
1 
Figure 2. SDS/polyacrylamide gel electrophoresis 
showing the effects of cAMP and protein kinase 
inhibitor (PKI) on the in vitro phosphorylation of 
chicken lens homogenates. (A) A representative 
Coomassie Blue-stained gel. (B) Autoradiograph of 
in vitro phosphorylated chicken lens homogenate 
(1) without addition of cAMP and PKI, or with 
addition of Í2) 20 μΜ cAMP, (3)20 μΜ cAMP + 20 UM 
PKI or (4)20 μΜ cAMP + U0 μΜ PKI. Molecular mass 
values in kDa are indicated on the left. For 
meaning of arrow, asterisk, V and 47, see legends 
of Fig. 1. 
performed incubations of lens homogenates with and 
without cAMP, and in the presence or absence of a 
protein kinase inhibitor. Fig. 2B shows the 
resulting autoradiograph, whereas Fig. 2A shows a 
representative stained gel of an incubated chicken 
lens homogenate. Comparison of lanes 1 and 2 in 
Fig. 2B shows that essentially the same proteins 
are phosphorylated in the presence and absence of 
cAMP, although the level of P-incorporation is 
slightly higher In the presence of cAMP. Yet, the 
in vitro labeling is greatly reduced in the 
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Figure 3. Analytical procedures for the identifi­
cation of the chicken 28 kDa protein. A. Separa­
tion of the water soluble eye lens proteins by gel 
filtration. B. Separation by ion-exchange column 
chromatography of the composing subunits of the 
$. fraction. C. Peptide map of a tryptic digest 
or^he pooled 28 kDa protein (bar in panel B). 
Tryptic peptides are arbitrarily numbered. Insert 
shows the SDS-PAGE separation of chicken (1) water 
soluble lens proteins, (2) 
purified 28 kDa protein. 'Low 
fraction and (3) 
presence of 20uM of protein kinase inhibitor (Fig. 
2B, lane 3) and even disappears when the concen­
tration of Inhibitor is increased to ЧОиМ (Fig. 
2B, lane U). 
Isolation of the 28 kDa protein 
To identify the 2 kDa protein and to confirm its 
in vivo phosphorylation, we isolated this protein 
from the water-soluble fraction of chicken eye 
lenses. The analytical procedure used is depicted 
in Fig. 3. Although both & H 1 h and 3 L o w fractions 
contained the 28 kDa protein, we used the e L o u 
fraction for further purification, because of the 
abundant presence of ó-crystallin In the SUJ.U 
fraction. After ion exchange chromatography the 2B 
kDa protein was nearly pure, as judged by one-
dimensional gel electrophoresis (Fig. 3. insert), 
and eomigrated with the in vitro phosphorylated ?8 
kDa spot on two-dimensional gel electrophoresis 
(data not shown). 
Phosphate content in vivo 
To assess the in vivo phosphorylated state of the 
28 kDa protein we measured the phosphate content 
of the purified fraction. With both methods used 
(see Materials and Methods) we measured between 
1.8 and 2.3 mol phosphate/mol polypeptide, thereby 
demonstrating the in vivo phosphorylation of this 
protein. 
Identification of the 28 kDa protein 
To identify the phosphorylated 28 kDa protein, 
tryptic digestion and subsequent preparative 
peptide mapping were performed (Fig. ЗО. Partial 
sequences and amino acid compositions of tryptic 
peptides of the 28 kDa protein were compared with 
all known S-crystallln sequences (27) and revealed 
closest similarity with ВВЗ of calf (15) and rat 
(28)(Fig. 4). Although only those peptides are 
shown that could reliably be aligned, these data 
are sufficient to Identify this 28 kDa lens 
protein as the chicken orthologue of 0B3. The 
sequenced peptide nr.2 corresponds with the С 
terminus, because neither lysine nor arginine is 
present in the amino acid composition. Especially 
this С terminus is quite diagnostic for the 
"basic" SB-crystallins (16). 
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Figure 4. Alignment of the amino acid sequences of 
tryptlc peptides of chicken 28 kDa protein (CB) 
with the hctnologous regions of bovine (BB) and rat 
(RB) вВЗ-crystallin. Amino acid sequences of the 
chicken protein were inferred from amino acid 
compositions of peptides or determined by sequence 
analyses (arrows). Single letter code is used. 
Residue numbers are for the bovine 0B3 sequence. 
Numbers above the sequence and broken lines 
enclosed by arrows correspond to the peptides of 
chicken 28 kDa protein as isolated in this study 
(see Fig. 3C). Spot nr.6 on the peptide map 
contains two overlapping peptides. Spot nr.21 is 
free arginine, occurring at positions 39» 73 and 
198. Amides are assigned on the basis of electro^ 
phoretic mobility of peptides and/or inferred from 
homology with bovine and rat BB3· (:) indicates 
identities; (.) denotes conserved residues. 
DISCUSSION 
Although the eye lens proteins are known to 
undergo several posttranslatlonal modifications, 
like glycatlon, oxidation and carbamylatlon, it 
was only recently that the In vivo phosphorylation 
of o-crystallin has been established (12 - 14). By 
32 
Incubating Intact chicken eye lenses in P-me-
dlum, Ireland and Maisel (1) were not able to 
detect any phosphorylation of chicken eye lens 
crystallins. However, in chicken lens hemogenate 
we now obtained clear evidence that the 8B3-
crystallln can be phosphorylated. 
Whether this phosphorylation is achieved by a 
cAMP-dependent protein kinase is not clear. The 
fact that In vitro phosphorylation of most chicken 
eye lens proteins occurs without addition of cAMP 
(Fig. 2B, lane 1), might luplicate either that 
these protein phosphorylations are established by 
a cAMP-independent protein kinase or that the 
catalytic subunit of the cAMP-dependent protein 
kinase is already present in the dissociated state 
in chicken lens homogenates. The latter possibi­
lity seens to be oust plausible, because the in 
vitro labeling of most chicken eye lens proteins 
is greatly reduced by the addition of 20 μΜ of 
cAHF-dependent protein kinase inhibitor, and it 
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even disappears when the concentration is in­
creased to 40 μΜ (Fig. 2B, lanes 3 and 4). 
Furthermore, addition of cGMP or Ca * could not 
stimulate the phosphorylation of the 28 kDa 
protein, whereas Mg * was necessary to obtain any 
phosphorylation at all (data not shown). 
In order to demonstrate that the phosphoryla­
tion of a particular protein is a physiologically 
occurring event, one must establish the phosphory-
lated state of this protein in the cell. By 
determining the phosphate content of the native 28 
kDa protein we could demonstrate the In vivo 
presence of approximately 2 mol phosphate/mol of 
polypeptide. Whether anali amounts of the unphos-
phorylated or monophosphorylated form of this 
protein are also present in vivo in chicken eye 
lenses is not clear. 
By peptide mapping and subsequent Edman 
degradation and/or amino acid analyses the 
phosphorylated 28 kDa protein could be identified 
as 8B3 by homology with № 3 of bovine (15) and rat 
(28) (Fig. 4). The total sequence of chicken 8B3 
is not yet known. However, conçaring the positions 
on two-dimensional gels it can be concluded that 
the pi of chicken еВЗ is lower than that of bovine 
or rat (15, 29, this study). A double phosphoryla­
tion alone can not account for this difference in 
pi. Therefore, differences in the amino acid 
sequence should additionally be responsible for 
the observed charge differences. The latter holds 
also for chicken 0B1, as cccpared with the bovine 
or rat orthologue. Using the same identification 
procedure as for the 28 kDa protein, the most 
acidic and largest polypeptide in the 0-region 
(Fig. 1A, BBl) turned out to be chicken 8B1 (C. 
Voor ter, W. de Haard-Hoekman and W. de Jong, 
unpublished results), while BBl is the most basic 
D-crystallln in bovine and rat lenses. Ccnparlng 
the deduced protein sequence of chicken BBl (30) 
with those of rat (31) and bovine (32), indeed 
reveals that several amino acid replacements, fren 
basic to neutral and from neutral to acidic, can 
account for this observed difference In pi. 
Since the functional roles of the lens 
crystalllns remain as yet obscure, it is not 
possible to Indicate what effects this in vivo 
phosphorylation of chicken BB3 might bring about. 
However, in view of the fact that no in vitro 
phosphorylation could be detected in the ortholo­
gue of the Investigated mamnalian eye lenses (13), 
the functional significance, if any, of this 
chicken ВВЗ phosphorylation should be rather 
specific. 
It has recently been reported that in bovine 
lenses the eB2-crystallin is partially phosphory­
lated (18). The 26 kDa phosphorylated minor 
component in chicken lens homogenate might, 
according to size and charge, correspond with the 
chicken BB2 subunit. However, considering the 
species-differences in crystallin phosphorylation, 
and given the lack of information about the 
chicken βΒ2 structure, this suggestion should be 
considered with caution. 
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ABSTRACT 
MP70 is a component of the gap junctions of the young fibre cells in the 
lens outer cortex. In the older fibres deeper in the maranalian lens (lens 
nucleus), MP70 is processed to MP38 by cleavage and removal of the carboxy 
terminal half. It is shown here that cortical MP70, and its derivative MP64, 
can be phosphorylated with cAMP-dependent protein kinase. In contrast, MP38 
from the lens nucleus is not phosphorylated by the enzyme. Proteolytic 
processing and this lens region specific phosphorylation are relevant for the 
future development of functional assays for lens gap junctions. 
INTRODUCTIOH 
Gap junctions provide pathways for intercellular ccranunication in the lens 
and thus play an important role for tissue homeostasis and lens transparency. 
A 70 kDa membrane protein (MP70) localized in the lens fibre gap junctions, 
is the largest member of the divergent connexin family of proteins identified 
so far (1). In isolated junctions, MP70 is always present along with МР6Ч, 
which has been shown to be derived from MP70, most probably by cleavage (1, 
2). Detergent solubilized МР70/6Ч has an appearance consistent with connexon 
pairs and most probably forms the transmembrane channels in intact gap 
junctions (3)· While connexins from other tissues have channel properties and 
are regulated by phosphorylation (1), such data is not yet available for 
MP70/64. We now report that MP70/64 from the younger fibre cells in the lens 
cortex can be phosphorylated in a cAMP dependent way. In contrast, the 
processed form of this junction polypeptide in the lens nucleus, MP38 (2), 
has lost this capability. 
MATERIALS AND METHODS 
Lenses from sheep generally less than 1 year old were extracted from eyes 
within minutes of death and collected on ice. Lenses were frozen at -90oC 2-3 
hours after extraction and stored at the same temperature. 
Phosphorylation of lens junction protein with endogenous cAMP dependent 
protein kinase was studied using homogenates from separate lens regions. 
Lenses were decapsulated and dissected into outer cortex, inner cortex and 
nucleus according to Kistler and Bullivant (2). Tissue was homogenized in 1 
mM Tris-HCl pH 8, 5 mM EGTA, and protein concentration determined by 
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absorption at 280 nm. Aliquots of outer cortex and nucleus homogenates 
containing 60 mg protein were adjusted to 300 μΐ with homogenization buffer. 
After further addition of 300 μΐ 20 mM imidazole pH 7.4, 1 mM MgCl2 and 6 ul 
2 mM cAMP, the mixtures were preincubated for 5 min at 370C. Controls 
contained 0.7 mg protein kinase inhibitor isolated from bovine heart (5). 6 
ul [Y-32p]ATP (3000 Ci/mnol, 10 mCi/ml; Amersham, Buckinghamshire, England) 
and 6 μΐ 5 mM ATP were added, and the reaction mixtures incubated for 10 min 
at 370C. Reactions were terminated by adding 100 μΐ 100 mM EDTA. Membranes 
were purified by urea/alkali stripping, and membrane proteins analysed by 
SDS-PAGE (10% acrylamide) and autoradiography according to Kistler and 
Bullivant (2). All reagents were from Sigma Chemical Co., St. Louis, USA, 
unless specified otherwise. 
Phosphorylated junction protein was identified by imnunoprecipitation with 
monoclonal anti-MP70 antibodies (6). For this, phosphorylated and urea/alkali 
stripped cortical membranes from two aliquots were pooled, and gap junctions 
dissociated with 0.2% Nonidet NP-40. Detergent resistant membranes were 
pelleted, and soluble МР70/6Ч was precipitated from the supernatants with 
anti-MP70 (IgM) and anti-IgM conjugated agarose beads. For controls, 
monoclonal antibodies (IgM) against a non-related 17 kDa intrinsic membrane 
protein (7) were used instead of anti-MP70. 
Phosphorylation of МР70/6Ч and its cleaved forms was studied using 
purified lens fibre membranes and conmercial cAMP dependent protein kinase 
from rabbit muscle (Sigma). For this, urea/alkali stripped membranes (400 \ig 
protein) from outer cortex or nucleus were pelleted and resuspended in 400 μΐ 
20 πΜ imidazole pH 7.4, 1 пМ MgCl2. 4 μΐ 2 πΜ cAMP and 4 μΐ 10 mg/ml protein 
kinase were added and the mixtures preincubated at 370C for 10 min. After the 
addition of 2 μΐ [Υ-3ϊΡ]-ΑΤΡ and 4 μΐ 5 mM ATP, the samples were incubated 
for 10 min at 370C. Reactions were stopped with 200 μΐ 100 mM EDTA and 
membranes washed with phosphate buffered saline (PBS). To produce the amino 
terminal MP30 fragment of MP70/64 (D. Christie, personal communication), 
membranes were resuspended in 500 μΐ 10 μg/ml trypsin in PBS and incubated 
for 40 min at 370C. Proteolysis was stopped by the addition of 100 μΐ 1/100 
diluted diisopropyl fluorophosphate. 
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RESULTS 
Phosphorylation of lens proteins with the lens endogenous cAMP-dependent 
protein kinase was carried out separately in homogenates of outer cortex and 
of lens nucleus. Membranes were subsequently purified by urea/alkali 
stripping. The dissection of the younger cortical fibre cells from the older 
cells in the lens nucleus was effective to the point that the Coomassie-
stained gel of outer cortex membranes revealed the junctional component 
МР70/6Ч, but did not show detectable amounts of the processed form MP38 (Fig. 
1, lanes b and d). Apparently, all MP70/64 was processed to MP38 in membranes 
from the lens nucleus (Fig. 1, lane c). In the corresponding autoradiograph 
(Fig. 1, lanes e-g), MP64 was the most strongly labeled polypeptide in outer 
cortex membranes (Fig. 1, lane e). MP70 was not significantly labeled and, 
although it seems unlikely, we cannot exclude the possibility that MP64 is 
the phosphorylated product of MP70 under these conditions. Another 
phosphorylated polypeptide in the vicinity of MW 38,000 on the gel, has 
apparently no Coomassie-stained counterpart (Fig. 1, cf lane b and e). This 
band may represent an unidentified minor lens protein or, less likely, minor 
amounts of phosphorylated MP38 in the lens outer cortex. MIP26 and MP17, the 
two most prominent lens membrane proteins, and not related to MP70, were not 
phosphorylated in lens outer cortex homogenates. MP38 in the lens nucleus was 
not phosphorylated (Fig. 1, lane f). Labeling of MIP26 and MP17 showed that 
lens protein kinase was active in the homogenate. Hence, cleavage of МР70/6Ч 
to MP38 or age-related modification of MP38 in the lens nucleus abolishes the 
phosphorylation capability of this polypeptide. Membrane proteins were 
generally not labeled in the presence of Walsh inhibitor, indicating the 
cAMP-dependency of these phosphorylations (Fig. 1, lane g). 
Phosphorylated MP64 in outer cortex membranes (Fig. 1, lane h) was 
identified by solubilization with detergent and precipitation with anti-MP70 
antibodies (Fig. 1, lane i). Anti-MP17 antibodies did not precipitate any 
radioactive material from this outer cortex preparation (Fig. 1, lane j). 
The selective phosphorylation of cortical gap junction polypeptide but not 
of the cleaved product in the lens nucleus, was further examined using 
purified membranes and cAMP-dependent protein kinase from rabbit muscle. 
Under these conditions, MP70 and MP64 appeared strongly labeled, along with 
many other lens membrane proteins (Fig. 2, lanes b and e). Tryptic digestion 
of this labeled preparation removed most of the radioactivity from the 
membranes (Fig. 2, lanes с and f). Cleavage of МР70/6Ч with trypsin produced 
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Figure 1 : Protein phosphorylation in homogenates of different lens regions 
and isolation of membranes. 
Lanes a-d: stained gels, lanes e-j: autoradiographs. (a) Molecular weight 
markers from top, MrxlOOO: 205, myosin; 116, ß-galactosidase; 97, Phosphor-
ylase b; 66, bovine serum albumin; 45, ovalbumin; 36, glyceraldehyde 3 
phosphate dehydrogenase; 29, carbonic anhydrase; 24, trypsinogen; 20, soybean 
trypsin inhibitor; 14, a-lactalbumin. (b,e,h) Membranes from outer cortex. 
(c,f) Membranes from lens nucleus. (d,g) Control with Walsh inhibitor, 
membranes from outer cortex. (i,j) Immunoprecipitation of junctional protein. 
(i) Precipitation with anti-MP70. (j) Control using anti-MPI?. 
І 
-Wbu 
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Figure 2: Phosphorylation of isolated 
membranes witli cAMP dependent protein 
kinase from rabbit muscle. 
Lanes a-d: stained gels, lanes e-g: 
autoradiographs. (a) Molecular weight 
markers. (b,e) Outer cortex membranes. 
(c,f) Cortical membranes trypsinized 
after phosphorylation. (d,g) Membranes 
from lens nucleus. 
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the membrane-bound, amino-terminal peptide MP30 (D. Christie, personal 
conmunication), which is clearly visible on the Coomassie-stained gel, but 
not on the autoradiograph (Fig. 2, lanes с and f). This suggests that 
phosphorylation of MP70/64 occurs in the carboxy-terminal half of the 
molecule. This is further supported by the finding that MP38 in membranes 
isolated from the lens nucleus was not phosphorylated by the exogenous 
protein kinase (Fig. 2 lanes d and g). 
DISCUSSION 
Phosphorylation of the major lens membrane proteins MIP26 and MP17 has 
previously been examined (7, 8) and regional differences in the 
phosphorylation of MIP26 have most recently been demonstrated (9). Our 
results are consistent with these reports, and show for the first time that 
the lens gap junction component MP70/64 is phosphorylated in vitro with cAMP 
dependent protein kinase. Phosphorylation with cAMP dependent protein kinase 
has previously been demonstrated for another gap Junction polypeptide, the 27 
kDa gap junction polypeptide from liver (10), and had an enhancing effect on 
junctional conductance between hepatocytes (11). Such a structure-function 
relationship has yet to be demonstrated for lens MP70/64. The development of 
a functional assay for lens gap junction components will have to take into 
account that the lens tissue is non-uniform. Age-related modification or 
proteolytic processing apparently affects phosphorylation, which may have a 
regulatory function. Gap junction conductance or its regulation probably 
differs between the outer cortex and the lens nucleus. Hence, the 
interpretation of physiological experiments with isolated or reconstituted 
membranes will have to consider the relative presence of MP70, MP64 and MP38, 
and whether or not this Junctional protein is phosphorylated. 
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ABSTRACT 
MP 17 is the second most abundant integral membrane protein in the 
шаппаНап lens. It has some common features with the major intrinsic 
polypeptide MIP26, but amino terminal sequencing shows that MP17 is a 
separate gene product. Both MPI7 and MIP26 are abundant in isolated lens 
fibre membrane vesicles and are not detectable in the fibre gap junctions. 
INTRODUCTION 
The plasma membranes and their proteins are important for the lens 
internal structure, homeostasis and hence, lens transparency. Integral 
membrane proteins with molecular weights 17 kDa, 26 kDa, 70 kDa and 140 kDa 
have been identified in mamnalian lens fibre cells (1,2). MP17, which is the 
subject of this paper, is one of the most abundant fibre membrane components, 
but its distribution in the membrane and its physiological role are unknown. 
Other lens membrane polypeptides have been better studied. MIP26 is the most 
abundant and ubiquitous in fibre membranes, and has been proposed to be a 
component of the fibre gap junctions (3-6), although the latter is a matter 
of controversy (7, 8). MP70 belongs to the protein family of connexins (9), 
and has been identified as a conponent specifically of the lens fibre gap 
junctions (10, 11). Another domain of close membrane interactions, the ball 
and socket interdigitations along the edges of the hexagonally shaped fibre 
cells, is enriched in a 140 kDa glycoprotein (MP140) (12, 13). 
MPI 7 is the second most abundant integral membrane protein in manmalian 
lenses. This polypeptide fron calf lens is a substrate for cAMP-dependent 
protein kinase and binds calmodulin (14), and thus appears to be identical to 
calf lens MP18 which has been characterized by others (15, 16). Further work 
on MPI8 indicated that this protein may be a specific component of the lens 
fibre gap junctions (17). We now report imnunolocalization of lens MPI7 using 
monoclonal antibodies, and show that MP17 is widely distributed in the sheep 
fibre plasma membranes in situ. In isolated membranes, MP 17 appears to be 
excluded from the fibre gap junction sheets and is localized in MIP26 
containing membrane vesicles. 
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MATERIALS AND METHODS 
Membrane isolation 
Lenses were from sheep generally less than 1 year old. They were extracted 
from the eyes within minutes of death at the abattoir and collected on ice. 
Lenses were frozen at -90 oC 2-3 hours after extraction. For membrane 
isolation, lenses were decapsulated and dissected into outer cortex, inner 
cortex and nucleus. Membranes were isolated by urea/alkali stripping or by 
alkali stripping twice as described previously (18). 
SDS-polyacrylamide gel electrophoresis and blotting 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed according 
to established methods (19). For each gel lane, 100 ug lens membrane proteins 
were solubilized in 60 μΐ sample buffer at room temperature immediately 
before loading. Inmunoblotting was carried out as described previously (18). 
Monoclonal anti-MPI7 (IgM) was from hybridoma line mCL-2 and has been 
characterized earlier (14). For amino terminal sequence analysis sheep MPI7 
was separated from other lens membrane proteins by SDS-PAGE and electro-
blotted onto Immobilon PVDF transfer membranes (20). Calf MP17 was isolated 
as described previously (14). 
Inmunocytochemistry 
MPI7 was localized in the lens fibre plasma membranes using cryostat 
sections of freshly extracted and formaldehyde fixed sheep lens. Antibody 
labeling was carried out according to Kistler et al (10). MP17, MIP26 and 
MP70 were detected in isolated sheep lens fibre membranes using the 
iimunogold-negative stain method for electron microscopy (8). Membranes were 
adsorbed to collodion/carbon coated grids and were reacted with hybridoma 
supernatant mCL-2 (anti-MP17, 14), 6-4-B2-C6 (anti-MP70, 10) and/or 1/10 
diluted rabbit anti-MIP26 serum (14) in unconditioned medium. Antibodies 
bound to membrane antigens were detected with 1/3 to 1/10 dilutions of anti-
mouse-IgM conjugated 5nm gold or of anti-rabbit-Ig conjugated 15nm gold 
(BioCell Research Laboratories, Cardiff,U.K.). 
RESULTS 
Calf lens MPI7 has previously been characterized as an intrinsic membrane 
protein by hydrophobic photolabeling (14). This result was further substan-
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tiated with immunofluorescence microscopy on sheep lens sections using 
antibodies against calf lens MP17. The fibre plasma membranes were generally 
stained (Fig. 1). Staining frequently appeared somewhat heterogeneous, 
possibly due to sectioning-derived membrane distortions. It is also possible 
that this heterogeneous staining aspect is caused by clustering of the 
antigen, or by the exclusion of antibodies from abundant gap junction plaques 
in these membranes. 
Figure 1 : Inmunofluorescence micrograph of anti-
MPI? labeled sheep lens outer cortex. Staining is 
observed over most of the membranes, but appears 
patchy or interrupted in places. 
Figure 2 : SDS-PAGE (10% acryl-
amide) of u r e a / a l k a l i stripped 
sheep lens f ibre membranes, (a) 
Size markers from top , MrxlOOO: 
2 0 5 , m y o s i n ; 116, 3 - g a l a c t o -
s idase ; 97, Phosphorylase b; 66, 
bovine serum albumin; 45, oval-
bumin ; 3 6 , g l y c e r a l d e h y d e 3 
p h o s p h a t e d e h y d r o g e n a s e ; 29 , 
c a r b o n i c a n h y d r a s e ; 24 , t r y p -
s i n o g e n ; 20 , soybean t r y p s i n 
i n h i b i t o r ; 14, a- lactalbumin. (b) 
S t a i n e d ge l of membranes from 
o u t e r c o r t e x , ( c ) Anti-MP17 
i m m u n o b l o t of o u t e r c o r t e x 
membrane p r o t e i n s , (d) Membranes 
from inner cor tex , (e) Membranes 
from nucleus. 64 and 38 are both 
derived from MP70. 
Figure 3: Effect of 0.04% Nonidet 
NP-40 on u r e a / a l k a l i s tr ipped 
membranes from outer c o r t e x . 
SDS-PAGE (10% acrylamide). (a) 
S i z e m a r k e r s , (b) Membranes, 
unt rea ted , (c) Detergent inso lu-
b l e membranes, (d) Solubil ized 
membrane p r o t e i n s . 
Amino terminal sequence analysis was used to determine the first 15 
residues of calf MPI 7: Met - Tyr - Ser - Phe - Met - Gly - Gly - ? - Leu -
Phe - ? - Ala - Trp - Val - Gly. SDS-PAGE of sheep lens membranes has 
previously shown an approximately 18 kDa component, MP18, as the second most 
prominent protein (2). The sequenced amino-terminal 10 residues of sheep MP18 
were identical to calf MP17. Furthermore, monoclonal antibodies against calf 
MPI7 reacted with the sheep plasma membranes (see above) and with sheep MP18 
on a Western blot (Fig. 2, lanes b and c). Hence it appears most likely that 
the difference in nomenclature is solely due to different molecular weight 
calibrations from SDS-PAGE. For reasons of clarity and to be consistent with 
previous work on this polypeptide (14), we will from hereon refer to this 
protein as MPI7. 
Urea/alkali stripped membranes prepared separately from sheep lens outer 
cortex, inner cortex and nucleus contained similar amounts of MPI7 relative 
to MIP26 (Fig. 2, lanes b, d and e). In some preparations, MPI7 appeared 
somewhat increased in the membranes from lens nucleus. Hence, in contrast to 
the fibre junction component MP70 and to other higher molecular weight 
membrane proteins, MPI7 does not undergo detectable age-related cleavage. 
The distribution of MP! 7 in fibre membranes isolated from the sheep lens 
outer cortex was characterized using two different approaches. Firstly, the 
fibre gap junctions in a mixture of isolated lens membranes were selectively 
dissociated with 0.04% Nonidet NP-40. The disappearance of gap junctions was 
monitored by negative stain-immunogold electron microscopy using lens gap 
junction specific anti-MP70 antibodies (micrographs of this series of 
experiments are represented in ref. 8), as well as by SDS-PAGE which showed 
the release of the fibre gap junction specific component MP70 (and its 
derivative product ΜΡ64) into the supernatant (Fig. 3)· MP17 and MIP26 were 
insoluble under these conditions and partitioned with the membrane pellet. If 
MP17 were a major component of the fibre gap junctions, the release of a 
significant amount of this polypeptide would be expected. Our results suggest 
that MP 17 is not a major component of the lens fibre gap junctions, and that 
MP17 co-resides with MIP26 predominantly in the non-junctional membranes. 
Secondly, this partitioning of MP17 together with MIP26 into membrane 
regions distinct from the lens fibre gap junctions was further investigated 
using Immunoelectron microscopy. Localization of MP17 was first attempted by 
iimiunogold labeling of isolated membranes in solution and subsequent 
embedding and thin sectioning of the labeled membrane pellets. This technique 
has the advantage that junctional and non-junctional membranes can readily be 
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distinguished on the basis of their cross-section profiles. This distinction 
is, however, only possible for membranes sectioned at right angles. 
Furthermore, anti-MPI7 immunogold labeling was sparse in the sections, either 
due to the loss of gold during specimen preparation or due to the fact that 
only limited portions of membrane vesicles or sheets were sampled in the 
sections. Hence, we have localized MP17 using the imnunogold-negative stain 
technique which visualizes whole labeled membrane vesicles and fibre gap 
junction sheets. In this technique, gap junction sheets were identified by 
their typical double membrane aspect at a fold (8, 21), by their ability to 
bind large amounts of anti-MP70 inmunogold (8, 11), and by their frequently 
somewhat heavier staining due to stain penetration in the junctional "gap" 
(22). In these membrane mixtures from sheep outer cortex, anti-MPI7 
antibodies bound to membrane vesicles but not to the large gap junction 
sheets (Fig. Ц). Ideally, we would have liked to label gap junctions with 
anti-MP70 inmunogold on the same grid which had membranes labeled with anti-
MPI?. unfortunately, this was not possible, because both monoclonals were of 
IgM subtype. On a separate grid, anti-MP70 was used in conjunction with the 
same inmunogold reagent as was used with anti-MPI7, and labeled the large gap 
junction sheets (Fig. 5a), which often also revealed the typical double 
membrane aspect at a fold (Fig. 5b). Membrane vesicles were not labeled. 
Comparison of Figures 4 and 5 clearly shows that anti-MPI 7 and anti-MP70 bind 
to different membrane regions. 
A series of double labeling experiments was aimed at investigating the 
distributions of MP17 and MIP26 relative to each other. For this, rabbit 
anti-MIP26 antibodies were first used together with the gap junction marker 
anti-MP70 to identify the membrane domains which contained MIP26 (Fig. 6). 
MIP26 (15 ran gold) was generally present in membrane vesicles but was not 
detected in the gap junction sheets identified by labeling with anti-MP70 (5 
ran gold). In Fig. 6, the background labeling with anti-MP70 inmunogold on the 
support and on non-junctional membranes is somewhat higher than normal but 
insignificant compared to the strong labeling of gap Junction sheets. Having 
established that anti-MIP26 antibodies bound to non-junctional membrane 
vesicles and not to the gap junction sheets, these antibodies were used in 
combination with monoclonal anti-MP17 (Fig. 7). Both antibodies generally 
labeled the same membrane vesicles and both were excluded from the fibre gap 
junction sheets. These results suggest strongly that MPI7 and MIP26 are major 
proteins of predominantly the non-junctional membranes. 
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Figure Ч: Anti-MPI7 inminogold-negative stain electron microscopy of isolated 
fibre membranes. Anti-MP17 immunogold (5nm) does not bind to the gap Junction 
sheets (arrows point to folds revealing the double membrane aspect which is 
typical for these structures, GJ=gap junction). Patchy labeling generally 
occurs on non-junctional membrane vesicles. 
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Figure 5: Anti-MP70 immunogold (5nm)-negative stain electron microscopy of 
fibre membranes, (a) Anti-MP70 binds to the gap junction sheets and does not 
label non-junctional membrane vesicles, (b) Anti-MP70 immunogold labeled gap 
junction sheet also revealing typical double membrane aspect at a fold 
(arrow). 
Figure 6: Double immunogold-negative stain electron microscopy of fibre 
membranes using polyclonal anti-MIP26 (15nm) and the gap junction specific 
marker anti-MP70 {5nm). Anti-MIP26 antibodies generally label the non-
junctional membranes only. 
л 
Figure 7: Double immunogold-negative stain electron microscopy of fibre 
membranes with polyclonal anti-MlP26 (15nm) and monoclonal anti-MP17 (5nm). 
Both labels are generally bound to membrane vesicles and are excluded from 
gap junction sheets. 
DISCUSSION 
The interpretation of immunolocalization results must include the 
possibility that antigens are inaccessible either due to steric hindrance or 
due to conformational changes in the antigen. On this basis, MP17 might be 
present in the lens fibre gap junctions in spite of the negative labeling 
results. If this were the case, one would expect that the detergent 
dissociation of fibre gap junctions would release not only MP70 but also 
significant amounts of MP17. This did not occur and hence, MP17 is probably 
not a component of isolated lens fibre gap junctions. MP17, like MIP26, is a 
major polypeptide in the non-junctional membranes. 
"Junctional" in this text refers strictly to the lens fibre gap junctions. 
So-called "thin junctions" (7, 11, 23, 24) have not been identified in our 
immunogold-negative stain experiments. This is because our labeling 
experiments used membranes isolated exclusively from the lens outer cortex 
which is particularly rich in gap junctions and extremely poor in thin 
junctions, the latter being confined to very small patches (24, Kistler & 
Bullivant, unpublished results). This together with the immunological 
differences between the thin junctions and the fibre gap junctions (7, 11). 
rules out the possibility of wrongly identifying the gap junction sheets in 
our experiments. 
In a recently published abstract (17), monoclonal antibodies against calf 
lens MPI8 were described which labeled exclusively the 16-I7nm junctions, 
i.e. the fibre gap junctions. Calf lens MP18 (15, 16) was believed to be 
identical with calf lens MP17 (14) and hence, immunolocalization results 
similar to ours would have been expected. These contradictory labeling 
results make sequence comparison a necessity to establish that the proteins 
characterized by the different laboratories, are indeed identical. 
Furthermore, species differences in membrane protein localization, although 
unlikely, cannot a priori be excluded. 
The wide distribution in the lens membranes, the resistance to mild 
detergent treatment, the sensitivity to heat aggregation in the presence of 
SDS and protein phosphorylation are features in conmon for both MP17 and 
MIP26 (14-16). The amino terminal sequence of MP17 does not match any 
sequence stretch of MIP26, and hence, MPI7 is not a cleavage product of the 
latter. This is in agreement with the observation that anti-MP17 and anti-
MIP26 antibodies do not cross-react (14). MP17 is thus a separate gene 
product with a yet to be determined physiological role. 
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APPENDIX 
Recently, a revised nomenclature for crystallins has been introduced (1). 
The need to change the nomenclature of especially o-crystallin was due to the 
identification of the primary gene products and distinct posttranslational 
modifications thereof. In this thesis different nomenclatures are used, 
depending on the time of submission of a particular manuscript. For reasons 
of clarity a Table is included here with crystallin designations, mentioned 
in this thesis. Both the old and the new nomenclature are compared, whereas 
also the proposed nomenclature by Bloemendal et al. (2) is indicated. The 
newly recomnended nomenclature ( 1 ), has been used with a minor modification 
(Chapter 4), indicated in the Table between brackets. 
BOVINE a-CRYSTALLIN 
oA primary gene product 
otA phosphorylated product 
oB primary gene product 
oB monophosphorylated product 
oB biphosphorylated product 
otA deamidated product 
otA truncated product 1-101 
oA truncated product 1-151 
CHICKEN a-CRYSTALLIN 
aA primary gene product 
oA deamidated product 
RAT Y-CRYSTALLINS 
Y primary gene product 
o l d 
Q1A2 
αΑι 
01B2 
aBi 
OBQ 
-
cAl-101 
aAl-151 
aA2 
OAT 
Y1-1 
Y1-2 
Y2-1 
Y2-2 
Y3-1 
YU-I 
ßs 
proposed(2 
aA 
aAp122 
aB 
aBp 
otBp.p 
aAAsplOI 
aAl-101 
aAl-151 
aA 
aAAsplitg 
!) new(1) 
aA 
оАщСрігг] 
aB 
аВщСр] ( a B [ p ] ) * 
аВщСгр] ( a B [ 2 p ] ) * 
aAjnCDIOI] 
^ ш
1
"
1 0 1 
0 ^ 1 - 1 5 1 
aA 
а оіцд] 
YA 
YB 
YC 
YD 
YE 
YF 
Ys 
The in vivo phosphorylation sites of аВ[р] and аВ[2р] have now been 
elucidated (Chapter Ц), aB[p] consists of aB[p19] and aB[p45], whereas 
aB[2p] should be indicated as аВ[р19, р15]. 
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SUMARY/SAMENVATTING 

SUMIARY 
With the years ageing becomes an inescapable problem for living organisms. 
During ageing there occur changes in synthesis as well as structure and 
functioning of proteins. The eye lens is an extremely suitable model system 
to study the causes and nature of these changes, because the cells of this 
organ do not undergo normal cell death. As a consequence of its unique growth 
pattern and the slow protein turnover the lens contains proteins in its inner 
region, the nucleus, which are as old as the organism itself. Due to this 
longevity lens proteins can undergo a lot of posttranslational modifications, 
both in the normal ageing lens and, to a larger degree, in the cataractous 
lens. 
This thesis deals mainly with the identification of several 
posttranslational modifications, which occur in vertebrate eye lenses in vivo 
and in vitro. Furthermore, the differential synthesis of lens proteins, 
called crystallins, and the immunolocalization of lens membrane protein MP17 
were investigated. 
The unequal distribution of crystallins within the lens already suggests a 
differential synthesis of crystallins with the development of the lens. 
Although several crystallins are synthesized relatively at a constant level 
in rat lenses in postnatal stages, some remarkable changes occur, especially 
within the family of Y-crystallins (Chapter 2). The synthesis of all Y-
crystallins, except Ys, is detectable in newborn rats, and is differentially 
switched-off in postnatal stages. In contrast, Ys-synthesis occurs 
exclusively postnatally, detectable between 7 and 14 days after birth. 
Comparison of protein synthesis with published data about the amounts of 
transcripts clearly shows differences in translation efficiencies of the 
different crystallins. 
Concerning the posttranslational modifications of eye lens proteins, we 
have been able to elucidate the site of cAMP-dependent phosphorylation of 
bovine aA-crystallin (Chapter 3). Both in vivo and in vitro Ser-122 is the 
only phosphorylated residue detectable in this polypeptide chain. This serine 
residue meets the requirements for the substrate sequence of cAMP-dependent 
protein kinases in that there are several basic amino acids close to the N-
terminal side of the phosphorylated serine. Phosphorylation of otA-crystallin 
could also be detected in rabbit and rat, but was absent in chicken and 
dogfish, presumably because of a replacement of this Ser-residue and the 
preceding basic residues, respectively (Chapter 3). 
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It had already been shown by alkaline urea gel electrophoresis that aB-
crystallin reveals in vivo two modifications. Compared with the primary gene 
product the modification products have two and four additional negative 
charges, respectively. It is therefore not surprising that we found two 
different phosphorylation sites for this polypeptide, namely Ser-19 and Ser-
45 (Chapter 4). The aB chain containing only one phosphate moiety appears to 
be a mixture of aB phosphorylated at position 19 and aB phosphorylated at 
Ser-45. In contrast with oA-crystallin differences exist between the in vivo 
and in vitro phosphorylation pattern of the aB-chain. 
The functional significance of the phosphorylation of a-crystallin, if 
any, is not yet known. However, the recent finding that aB-crystallin occurs 
outside the lens puts the functional implication of its phosphorylation in a 
new light. 
Although no phosphorylation of a-crystallin occurs in chicken, another 
posttranslational modification of oA-crystallin was observed, having only one 
extra negative charge compared to the primary gene product. In Chapter 5 we 
provide evidence that this modification is due to deamidation of an 
asparaginyl residue (Азп-149), which changes into an aspartic acid residue. 
The age-dependency of this deamidation was established by two-dimensional gel 
electrophoresis of the water-soluble lens proteins from chicken of different 
ages. 
In vitro studies have shown that deamidation of asparagine residues occurs 
via formation of a succinimide ring. Hydrolysis of this ring formation 
results in a mixture of normal and 0-isomerized aspartyl residues. In Chapter 
6 we show that an age-dependent deamidation of Asn-101 occurs in bovine aA-
crystallin in vivo. The peptide containing the deamidated Asn-residue was 
present in two forms, one with a normal and one with an iso-aspartyl bond, 
demonstrating the involvement of a succinimide intermediate. Furthermore, the 
in vivo occurring cleavage at the same residue, i.e. Asn-101, is achieved by 
the same mechanism, which is evidenced by the presence of both asparagine and 
aspartic acid amide as C-termini. 
As already indicated no phosphorylation of a-crystallin could be detected 
in chicken lenses. However, a pronounced in vitro phosphorylation was 
observed of a non-a-crystallin protein in this species. We have identified 
this phosphorylated protein as 0B3 and by phosphate content determinations we 
demonstrated the in vivo phosphorylation of this protein (Chapter 7)· 
Investigation of the phosphorylation of lens membrane proteins revealed 
the in vitro phosphorylation of lens connexin MP70/64 by lens endogenous 
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cAMP-dependent protein kinase (Chapter 8). In contrast, the amino terminal 38 
kDa processed form of this junction polypeptide in older lens fibres could 
not be phosphorylated in the lens nucleus. The latter result suggests that, 
if phosphorylation has a regulatory function gap junction conductance or its 
regulation may differ between lens outer cortex and nucleus. 
In Chapter 9 a study is described in which monoclonal antibodies to 
another lens membrane protein, MP17, are used to localize this protein. This 
was performed by inmunof luorescence and iramunoelectron microscopy. In 
isolated membranes, MPI7 appears to be excluded from the MP70 containing 
fibre gap junction sheets, but is localized in membrane vesicles. Although 
MPI7 has some common features with the major intrinsic polypeptide MIP26, 
amino terminal sequence analysis showed that MPI7 is a separate gene product. 
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SAMENVATTING 
Met de jaren wordt veroudering een onontkoombaar probleem voor levende 
organismen. Tijdens deze veroudering treden veranderingen op, zowel in de 
synthese als in de structuur en het functioneren van eiwitten. De ooglens is 
een uitermate geschikt modelsysteem om de oorzaken en de aard van deze 
veranderingen te bestuderen, omdat de cellen van dit orgaan geen normale 
celdood ondergaan. Als gevolg van het bijzondere groeipatroon en de langzame 
eiwit-turnover komen er in het binnenste gedeelte van de lens, de kern of 
nucleus, eiwitten voor, die zo oud zijn als het organisme zelf. Door deze 
lange levensduur kunnen lenseiwitten allerlei posttranslationele modificaties 
ondergaan, zowel in de normale ouder wordende lens, als, en dan in verhoogde 
mate, in de cataracteuze lens. 
Dit proefschrift handelt met name over de identificatie van verschillende 
posttranslationele modificaties, die in vivo en in vitro in ooglenzen van 
vertebraten optreden. Verder is er gekeken naar de differentiële synthese van 
de lenseiwitten, crystallines genoemd, en naar de inmunolocalisatie van 
lensmembraaneiwit MPI 7. 
De ongelijke verdeling van crystallines in een lens suggereert al dat er 
met de ontwikkeling van de lens een differentiële synthese van crystallines 
optreedt. Ofschoon verscheidene crystallines in rattelenzen na de geboorte 
relatief op een constant niveau worden gesynthetiseerd, treden er ook enkele 
opmerkelijke veranderingen op, met name in de familie van de Y-crystallines 
(Hoofdstuk 2 ) . De synthese van alle Y-crystallines, behalve van Ys, is 
detecteerbaar in pasgeboren ratten, en wordt differentieel uitgeschakeld 
tijdens de postnatale periode. De Ys-synthese vindt daarentegen uitsluitend 
postnataal plaatst, detecteerbaar tussen 7 en 14 dagen na de geboorte. 
Vergelijking van de eiwitsynthese met de gepubliceerde gegevens over de 
hoeveelheid transcripten laat duidelijk verschillen zien in de translatie-
efficiënties van de verschillende crystalline-mRNA's. 
Wat betreft de posttranslationele modificaties van ooglenseiwitten zijn we 
in staat geweest de plaats op te helderen, waar in runder aA-crystalline 
cAMP-afhankelijke fosforylering optreedt (Hoofdstuk 3)· Zowel in vivo als in 
vitro is Ser-122 het enige gefosforyleerde residu dat detecteerbaar is in 
deze polypeptide-keten. Dit serine-residu voldoet aan de eis van de 
substraat-sequentie van cAMP-afhankelijk protein kinase doordat er 
verschillende basische aminozuren aanwezig zijn aan de N-terminale kant van 
dit gefosforyleerde serine. Fosforylering van aA-crystalline kon ook 
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aangetoond worden in konijn en rat, maar was afwezig in kip en haai, 
waarschijnlijk vanwege de vervanging van respectievelijk het serine-residu en 
de N-terminaal gelegen basische aminozuren (Hoofdstuk 3)· 
Met basische ureum-gel-electroforese was al aangetoond dat runder-aB-
crystalline in vivo twee modificatieproducten heeft. Vergeleken met het 
primaire genproduct hebben deze modificatieproducten respectievelijk twee en 
vier extra negatieve ladingen. Het is dan ook niet verwonderlijk dat we twee 
verschillende fosforylerings-plaatsen vonden in dit polypeptide, namelijk 
Ser-19 en Ser-45 (Hoofdstuk Ц). De aB-keten met maar één fosfaatgroep blijkt 
een mengsel te zijn van oB gefosforyleerd op positie 19 en oB gefosforyleerd 
op positie 45. In tegenstelling met oA-crystalllne komen bij oB-crystalline 
wèl verschillen voor tussen het in vivo en in vitro fosforyleringspatroon. 
De functionele betekenis van de fosforylering van α-crystalline, als die 
er al is, is nog niet bekend. Echter, de recente bevinding dat oB-crystalline 
ook buiten de lens voorkomt, plaatst de functionele implicatie van deze 
fosforylering in een nieuw licht. 
Ofschoon in de kip geen fosforylering van α-crystalline optreedt, is hier 
wel een andere posttranslationele modificatie zichtbaar nl. van aA-
crystalline met maar één extra negatieve lading vergeleken met het primaire 
genproduct. In Hoofdstuk 5 leveren we het bewijs dat deze modificatie te 
wijten is aan de deamidering van asparagine (Азп-ІЧЭ), dat daarbij omgezet 
wordt in asparaginezuur. De leeftijdsafhankelijkheid van deze deamidering 
werd vastgesteld door twee-dimensionale gel-electroforese van de water­
oplosbare lenseiwitten van kippen van diverse leeftijden. 
In vitro studies hebben reeds aangetoond dat deamidering van asparagine-
residuen verloopt via de vorming van een succinimide-ring. Hydrolyse van deze 
ringvorm resulteert in een mengsel van normale en P-gelsomeriseerde aspartyl-
residuen. In Hoofdstuk 6 tonen we aan dat er in runder aA-crystalline een 
leeftijdsafhankelijke deamidering van Asn-101 in vivo optreedt. Het peptide 
met het gedeamldeerde Asn-residue was aanwezig in twee vormen, een vorm met 
een normale en een met een iso-aspartyl verbinding, waarmee de betrokkenheid 
van een succinimide-intermediair is aangetoond. Verder bleek ook de in vivo 
optredende breuk bij hetzelfde residu, nl. Asn-101, bewerkstelligd te worden 
door een gelijksoortig mechanisme, hetgeen aangetoond werd door de 
aanwezigheid van zowel asparagine als asparaginezuur-amide in C-terminale 
positie. 
Zoals reeds aangegeven kon er geen fosforylering van α-crystalline worden 
gedetecteerd in kippelenzen. In deze species werd echter een duidelijke in 
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vitro fosforylering waargenomen van een niet-a-crystalline eiwit. We hebben 
dit gefosforyleerde eiwit geïdentificeerd als № 3 en met fosfaatbepalingen de 
in vivo fosforylering van dit eiwit vastgesteld (Hoofdstuk 7). 
Onderzoek naar de fosforylering van lensmembraaneiwitten heeft de in vitro 
fosforylering van lens connexin МР70/6Ч door een endogeen cAMP-afhankelijk 
protein kinase onthuld (Hoofdstuk 8). In tegenstelling tot MP70/64 kon ΜΡ3Θ, 
de amino-terminaal gekliefde vorm van dit junction eiwit aanwezig in oudere 
lensvezels, in de lens nucleus niet worden gefosforyleerd. Dit resultaat 
suggereert dat wanneer fosforylering een regulerende functie heeft, de 
besturing van de gap junctions of de regulatie hiervan verschilt tussen de 
buitenste cortex en de nucleus van de lens. 
In Hoofdstuk 9 wordt een onderzoek beschreven waarbij monoclonale 
antilichamen tegen een ander lensmembraaneiwit, MPI 7, gebruikt zijn om dit 
eiwit te localiseren. Dit werd gedaan m.b.v. inmuunfluorescentie en imnuno-
electronenmicroscopie. In geïsoleerde membranen blijkt MP17 niet voor te 
komen in de vezel gap junctions, die MP70 bevatten, maar wel in de 
membraanvesicles. Ofschoon MPI 7 enkele eigenschappen gemeen heeft met het 
meest voorkomende intrinsieke membraaneiwit MIP26, heeft amino-terminale 
sequentie-analyse aangetoond dat MP17 een afzonderlijk genproduct is. 
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STELLINGEN 
I 
Het Is bevreemdend dat Shamia, Olesen en Ortwerth In hun artikel omtrent de 
werking van a-crystalllne als trypslne-lnhlbltor geen discussie hebben gewijd 
aan de eerder door hun laboratorium uit de lens geïsoleerde 5.5 kDa trypsine-
inhibitor. 
- Shamia, K.K., Olesen, P.R. and Ortwerth, B.J. (1987) Biochim. Biophys. 
• Acta 915, 284-291 
- Srivastava, O.P. and Ortwerth, B.J. (1983) Exp. Eye Res. 36, 363-379 
II 
Door Kaur en medewerkers wordt ten onrechte gesuggereerd dat In hun transgene 
dieren alle o-crystalline-synthetiserende cellen zijn verdwenen. 
- Kaur, S., Key, В., Stock, J., McNeish, J.D., Akeson, R. and Potter, S.S. 
(1989) Development 105, 613-619 
III 
De aanwezigheid van otA- en/of oB-crystalline in de door Rao et al. m.b.v. N-
terminale sequentie-analyse geïdentificeerde 23 en 21 kDa banden in de loog-
onoplosbare lens-fractle, kan op grond van hun resultaten niet uitgesloten 
worden. 
- Rao, G.N., Gutekunst, К.A. and Church, R.L. (1989) FEBS Lett. 250, 483-486 
IV 
Chiesa en medewerkers beweren ten onrechte dat hun resultaten het eerste 
directe bewijs leveren dat aBi een gefosforyleerde vorm is van 01B2 · 
- Chiesa, R., Gawinowicz-Kolks, M.A., Kleiman, N.J. and Spector, A. (1987) 
Biochem. Biophys. Res. Coam. 144, 1340-1347 
- Voorter, C.E.M., Mulders, J.W.M., Bloemendal, H. and de Jong, W.W. (1986) 
Eur. J. Biochem. 160, 203-210 
V 
De 'm' in de nieuwe nomenclatuur van de crystallines is volkanen overbodig, 
wanneer tussen vierkante haken de modificatie gespecificeerd wordt. 
- Bloemendal, H., Piatigorsky, J. and Spector, A. (1989) Exp. Eye Res. 48, 
465-466 
- dit proefschrift 
VI 
De discussie over gendupllcatle door Chlou en medewerkers op grond van hun 
vergelijkingsstudie van de kinetische eigenschappen van ε-crystal line, 
afkomstig uit eendelenzen, en lactaat-dehydrogenase, afkomstig uit 
kippeharten, komt weinig zinvol over en getuigt niet van kennis van de 
recentelijk verschenen literatuur. 
- Chiou, S.-H., Chang, W.-P. and Chen, С.-С. (1989) Biochem. Int. 18, 1093-
1100 
- Hendriks, W., Mulders, J.W.M., Bibby, M.A., Slingsby, C , Bloemendal, H. 
and de Jong, W.W. (1988) Proc. Natl. Acad. Sci. USA 85, 7114-7118 
VII 
Ook zonder toevoeging van radioactiviteit kan men, na blootstelling aan een 
Kodak ARIO stripping film, zilverkorrels waarnemen op de spematlden van 
Drosophlla subobscura. 
- Hauschteck-Jungen, E., Saad, B. and Schuermann, K. (1987) Int. J. Invert. 
Reprod. Developm. 1_b 203-210 
VIII 
De via de telefoon gedane uitspraak "verkeerd verbonden" doet ten onrechte 
vermoeden dat de fout bij de PTT gezocht moet worden. 
IX 
De vraag dringt zich op of de feminise г ing van de Natuurwetenschappen 
samengaand met de invoering van het AI0/0IO-systeem een vooropgezet plan is 
geweest. 
X 
Bij de beleidskeuze omtrent part-time werk dient men in overweging te nemen 
dat verwisseling van het paard onderweg het trekken van de kar ten goede kan 
komen. 
XI 
Het verdient aanbeveling de reclamezin "Brand, het bier waar Limburg trots op 
is" te veranderen. 
XII 
Voor de verdediging van een proefschrift is het raadzaam het gezegde "geen 
woorden, maar daden" in de wind te slaan. 
Nijmegen, 27 september 1989 
Christina E.M. Voorter 


